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WHAT IS CLAIMED IS : 

1 . A system for analyzing radiation from an extended source having at 
least two spatial components that emit or scatter radiation, comprising: 

first optics collecting and focusing radiation from said extended source to form at 
least two images along an encoding axis onto an encoding plane, said images 
corresponding to said spatial components; 

a two dimensional spatial radiation modulator rotated about a rotation axis and 
positioned in said encoding plane so that said encoding axis is along a radial axis, said 
modulator having radiation filters at different radii from said rotation axis, said filters 
modulating the intensity of a corresponding spatial components to provide an encoded 
beam comprising at least one encoded component as said modulator is rotated about said 
rotation axis; 

a detector; 

second optics for collecting and directing said encoded beam onto said detector, 
causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response to said encoded 

beam. 

2. The system of claim 1, wherein said extended source is an assembly of 
different samples. 

3. A method for analyzing radiation from an extended source having at least 
two spatial components that emit or scatter radiation, comprising: 

providing radiation from an extended source having at least two spatial 
components that emit or scatter radiation; 

collecting and focusing radiation from said extended source to form at least two 
images along an encoding axis onto an encoding plane, said images corresponding to said 
spatial components; 

positioning a two dimensional spatial radiation modulator in said encoding plane 
and rotating said modulator about a rotation axis so that said encoding axis is along a 
radial axis, said modulator having radiation filters at different radii from said rotation axis, 
said filters modulating the intensity of a corresponding spatial components to provide an 
encoded beam comprising at least one encoded component as said modulator is rotated 
about said rotation axis; 
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collecting and directing said encoded beam onto said detector; and 

analyzing signals generated by said detector in response to said encoded beam. 

4. The method of claim 3, wherein said extended source is an assembly of 
different 

samples. 

5. A radiation spectrum analyzer comprising: 

at least one source providing a plurality of radiation components; 

first optics collecting radiation from said source and forming an image onto an 
encoding plane, said image comprising at least two radiation components substantially 
separated from one another along an encoding axis; 

a two dimensional spatial radiation modulator rotated about a rotation axis and 
positioned in said encoding plane so that said encoding axis is substantially along a radial 
axis, said modulator having at least one radiation filter pair to provide an encoded beam as 
said modulator is rotated about said rotation axis, said pair comprising two radiation filters 
located at different radii from said rotation axis for modulating the intensity of 
corresponding radiation components, said filters having modulation functions that are 
complementary to each other to provide a single encoded component, said encoded 
component having an amplitude and phase which is determined by the relative intensity of 
said corresponding radiation components; 

a detector; 

second optics collecting and directing said encoded beam onto said detector, 
causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response to said encoded 

beam. 



6. The analyzer of claim 5, wherein the respective widths of said filters of said 
pair are engineered to substantially null the amplitude of said encoded component. 

7. The analyzer of claim 5, wherein said filters of said pair are substantially 
adjacent to one another. 
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8. The analyzer of claim 5,' wherein said first optics includes at least one 
refractive or diffractive element and said radiation components correspond to substantially 
distinct spectral components of said source. 

9. The analyzer of claim 5, wherein said source is an extended source and said 
radiation components correspond to substantially distinct spatial components of said 
extended source. 



10. A method for analyzing a radiation spectrum, comprising: 
providing at least one source providing radiation; 

collecting said radiation and forming an image onto an encoding plane, said image 
comprising at least two radiation components substantially separated from one another 
along an encoding axis; 

positioning a two dimensional spatial radiation modulator in said encoding plane 
and rotating said modulator about a rotation axis so that said encoding axis is substantially 
along a radial axis, said modulator having at least one radiation filter pair to provide an 
encoded beam, said pair comprising two radiation filters located at different radii from 
said rotation axis for modulating the intensity of corresponding radiation components, said 
filters having modulation functions that are complementary to each other to provide a 
single encoded component, said encoded component having an amplitude and phase which 
is determined by the relative intensity of said corresponding radiation components as said 
modulator is rotated about said rotation axis; 

collecting and directing said encoded beam onto a detector; and 

analyzing signals generated by said detector in response to said encoded beam. 

1 1 . The method of claim 10, wherein said filters of said pair are substantially 
adjacent to one another, and said analyzing includes calculating the derivative of the 
image intensity with respect to position along said encoding axis evaluated at the border 
between said adjacent radiation filters. 

12. The method of claim 10, wherein said forming includes refracting or 
diffracting said radiation, and said components correspond to substantially distinct spectral 
components of said source. 
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13. The method of claim 1 0,- wherein said source is an extended source and 
said radiation components correspond to substantially distinct spatial components of said 
extended source. 

14. A method for analyzing radiation, comprising: 

providing a radiation beam comprising at least one selected radiation component; 

collecting said radiation beam and focusing each said radiation component at a 
corresponding point along an encoding axis onto an encoding plane; 

positioning a two dimensional spatial radiation modulator in said encoding plane 
and rotating the modulator about a rotation axis so that said encoding axis is substantially 
along a radial axis, said modulator having at least one radiation filter at a radius from said 
rotation axis, said filter modulating the intensity of a corresponding radiation component 
to provide an encoded beam comprising at least one encoded component; 

collecting and directing said encoded beam onto a detector so that said detector 
provides an output; and 

analyzing signals generated by said detector, said analyzing including subtracting 
the detector output from an expected detector output as a function of the rotation angle of 
said modulator about said rotation axis to provide an output difference function, said 
analyzing further comprising analyzing said output difference function to detect sub- 
rotational period transients in the amplitude of one or more encoded components. 

15. The method of claim 1 4, further comprising adjusting the speed of said 
rotation in response to said output difference function. 

16. A method for analyzing radiation, comprising: 
providing a first radiation beam comprising at least one selected radiation 

component; 

collecting said first beam and focusing each said radiation component at a 
corresponding point along an encoding axis onto an encoding plane; 

positioning a two dimensional spatial radiation modulator in said encoding plane 
and rotating the modulator about a rotation axis so that said encoding axis is substantially 
along a radial axis, said modulator comprising a pattern on a rotating substrate, said 
pattern having at least one radiation filter at a radius from said rotation axis, said filter 
modulating the intensity of a corresponding component to provide an encoded beam 
comprising at least one encoded component, said pattern further comprising at least one 
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series of marks, said marks having optical characteristics substantially different from said 
substrate, said series of marks being substantially confined to an annular region of said 
modulator with respect to said rotation axis; 

collecting and directing said encoded beam onto a detector so that the detector 
provides a data signal in response to said encoded beam; 

analyzing said data signals, said analyzing including determining the modulated 
amplitude of at least one encoded component; 

positioning a second radiation source and second detector so that said marks 
modulate beam from said light source to said second detector to generate an alignment 
signal; 

analyzing said alignment signal to detect wobble of said modulator and alignment 
errors of said pattern on said modulator; 

17. The method of claim 1 6, further comprising dynamically positioning one or 
more optical elements in response to said alignment signal to minimize the undesired 
effects of said wobble and said alignment errors. 

18. A system for monitoring radiation from at least one radiation source, 
comprising: 

a beam comprising at least one radiation component, said radiation component 
corresponding to a distinct radiation source having an intensity and a center wavelength; 

first optics collecting and dispersing said beam and focusing each said radiation 
component to form a corresponding image along an encoding axis onto an encoding plane; 

a two dimensional spatial radiation modulator rotated about a rotation axis and 
positioned in said encoding plane so that said encoding axis is substantially along a radial 
axis such that a change in the center wavelength of said radiation component will cause 
said corresponding image to move substantially along said radial axis, said modulator 
having at least one radiation filter pair for modulating the intensity of a corresponding 
radiation component to provide an encoded beam comprising at least one encoded 
component, said pair comprising two radiation filters located at different radii from said 
rotation axis and having modulation functions that are complementary to each other such 
that the amplitude and phase of said encoded component is determined by the relative 
proportion of radiation incident on the two filters; 

second optics collecting and directing said encoded beam onto a detector; and 
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computer analyzing signals generated by said detector in response to said encoded 

beam. 

19. The system of claim 1 8, further comprising at least one control signal for 
adjusting said center wavelength of at least one source in response to the signals generated 
by the detector to tune said sources. 

20. The system of claim 18, wherein said radiation filters comprising said pair 
are substantially adjacent to one another. 

2 1 . The system of claim 20, wherein the border between said adjacent radiation 
filters is substantially located at the radius which correspond to the nominal or desired 
center wavelengths for said radiation source. 




22. A method for monitoring radiation from at least one source, comprising: 
providing a beam comprising at least one radiation component, each said radiation 
component corresponding to a distinct radiation source and having an intensity and a 
center wavelength; 

optics collecting and dispersing said beam and focusing each said radiation 
component to for a corresponding image along an encoding axis onto an encoding plane; 

positioning a two dimensional spatial radiation modulator in said encoding plane 
and rotating the modulator about a rotation axis so that said encoding axis is substantially 
along a radial axis such that a change in the center wavelength of said radiation component 
will cause said corresponding image to move substantially along said radial axis, said 
modulator having at least one radiation filter pair for modulating incident radiation to 
provide an encoded beam comprising at least one encoded component, said pair 
comprising two radiation filters located at different radii from said rotation axis and 
having modulation functions that are complementary to each other such that the amplitude 
and phase of said encoded component are determined by the relative proportion of 
radiation from the beam incident on the two filters; 

collecting and directing said encoded beam onto a detector; and 

analyzing signals generated by said detector in response to said encoded beam. 
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23. The method of claim 22; further comprising adjusting said center 
wavelength of at least one of said sources in response to signals generated by said 
detector. 



24. The method of claim 22, wherein said radiation filters comprising said pair 
are substantially adjacent to one another. 

25. The method of claim 24, wherein the border between said adjacent 
radiation filters is substantially located at the radius which correspond to the nominal or 
desired center wavelengths for said radiation source. 

26. A radiation analyzer for analyzing a sample, comprising: 

one or more excitation sources providing excitation radiation, said excitation 
radiation comprising two or more distinct excitation components; 

first optics directing said excitation components to the sample substantially in 
sequence; 

second optics collecting a response beam of radiation from said sample, said 
response beam comprising at least one radiation response components emitted, transmitted 
or scattered by the sample in response to said excitation radiation, and focusing each said 
response components at a corresponding point along an encoding axis onto an encoding 
plane; 

a two dimensional spatial radiation modulator rotated about a rotation axis and 
positioned in said encoding plane so that said encoding axis is substantially along a radial 
axis, said modulator having at least one radiation filter at a radius from said rotation axis, 
said filter modulating the intensity of a corresponding response component to provide an 
encoded response beam comprising at least one encoded response component; 

a detector; 

third optics collecting and directing said encoded response beam onto said 
detector, causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response to said encoded 
response beam. 

27. A method for analyzing a sample, comprising: 

providing one or more excitation sources to provide excitation radiation, said 
excitation radiation comprising two or more distinct excitation components; 



directing said excitation components to the sample substantially in sequence; 

collecting a response beam of radiation from said sample, said response beam 
comprising at least two radiation response components emitted, transmitted or scattered by 
the sample in response to said excitation radiation, and focusing each said response 
components at a corresponding point along an encoding axis onto an encoding plane; 

positioning a two dimensional spatial radiation modulator in said encoding plane 
and rotating said modulator about a rotation axis so that said encoding axis is substantially 
along a radial axis, said modulator having at least one radiation filter at a radius from said 
rotation axis, said filter modulating the intensity of a corresponding response component 
to provide an encoded response beam comprising at least one encoded response 
component; 

collecting and directing said encoded response beam onto said detector; and 
analyzing time-based signals generated by said detector in response to said 
encoded response beam. 

28. The method of claim 27, wherein said analyzing separates said time-based 
signal into sub-signals, wherein each said sub-signal corresponding to the encoded 
response components corresponding to only one of said excitation components, and 
analyzes said sub-signals to determine the amplitude of at least one encoded response 
component as a function of said corresponding excitation component. 

29. A two dimensional spatial radiation modulator adapted to be rotated about a 
rotation axis to modulate at least two components of an incident radiation beam to encode 
said beam as said substrate is rotated about said rotation axis, said modulator comprising a 
substrate and at least one radiation filter pair, said pair comprising two radiation filters 
located at different radii from said rotation axis for modulating the intensity of 
corresponding radiation components, said filters having modulation functions that are 
complementary to each other to provide a single encoded component, said encoded 
component having an amplitude and phase which is determined by the relative intensity of 




said corresponding radiation components. 

30. The modulator of claim 29, wherein said filters of said pair are substantially 



adjacent to one another. 
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REMARKS 

Claims 1-101 have been cancelled and new claims 1-30 are being presented 
herewith. 



Respectfully submitted 
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CROSS REFERENCE TO RELATED APPT.TCATTON 

This application is a continuation-in-part of copending U.S. patent 
application Serial No. 09/105,279, filed June 26, 1998. 

10 

BACKGROUND OF THE TNVENTTON 

This invention relates in general to spectrum analyzers and in particular, to 
a spectrum analyzer and encoder employing spatial modulation of radiation 
dispersed by wavelength or imaged along a line. 

15 Radiation spectral analysis is presently carried out in a number of ways. 

Dispersive and Fourier transform based analyzers are for high resolution and can 
be used for many different applications so that they are more versatile than existing 
application-specific instruments and procedures. While these analyzers offer 
superior spectral performance, they tend to be expensive, slow and are not portable. 

20 For most applications, these instruments offer a resolution which is largely 
unnecessary. Many applications require measurements only at several wavelengths 
so that most of the data taken over the entire complete spectrum using these 
instruments is discarded and not used at all in the analytical computations. Such 
analyzers may also be too large and heavy for many practical applications. 

25 In contrast, a non-dispersive approach to spectral analysis employs 

interference filters of fixed frequency passbands to perform given analytical 
functions. To perform the measurement, the light signal containing a number of 
wavelength components is propagated through one or more interference filters 
which are characterized by a center wavelength and bandwidth. The non-dispersive 

30 approach is advantageous over the Fourier transform and dispersive spectrum 
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analyzers in that the non-dispersive approach is less expensive and measures the 
minimum amount of spectral data required to perform a given analytical function. 
However, if the analytical function requires a significant number of filters, the 
system's signal-to-noise ratio is reduced as the total energy measured in a given 
5 filter over time is inversely related to the number of filters. Furthermore, if a 
spectrum analyzer using this approach is configured for a first application, the filters 
used in the device may have to be replaced, or the number of filters changed, in 
order to adapt the analyzer to a second application. Therefore, even though the non- 
dispersive approach may be less expensive and does not measure unnecessary data 

10 as compared to the dispersive and Fourier transform approaches, the present non- 
dispersive approach has clear limitation in adaptability and the number of 
wavelength which can be analyzed. 

Another type of optical spectrum analyzer, which is best described as a 
hybrid between dispersive and non-dispersive instruments, is the Hadamard 

15 spectrometer. The Hadamard spectrometer includes a spatial light modulator, 
comprised of a disc made of an opaque material with slots therein that reflect or 
transmit light, where the slots have uniform transmittance or reflectance. A light 
beam is dispersed according to wavelength onto the disc and the slots are selectively 
spaced at different radii from the axis to form a number of different optical channels 

20 for detecting corresponding wavelength components of the beam. The disc is 
rotated about the axis and the slots selectively encode the corresponding wavelength 
components with a binary amplitude modulation. The encoded beam is then 
directed to a detector. In order to differentiate the intensity of the wavelength 
component transmitted or reflected by one slot from that of another, the disc is 

25 sequentially stepped through a specific number of steps, each step comprised of a 
binary pattern of open or closed optical channels, which defines one equation in a 
system of simultaneous equations for the amplitudes of the wavelength components. 
This set of simultaneous equations is then solved to yield the intensity for each 
channel prior to any specific analytical function, an approach which is cumbersome 

30 and time consuming. Furthermore, as a direct consequence of the binary encoding 
approach, there is no mechanism by which one can recover the actual signal levels 
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if any one of the signal levels changes substantially over the period of rotation. It 
should be noted that the system of equation can be simplified if the slots are 
patterned such that the light is transmitted or blocked one wavelength component 
at a time. However, this approach changes the optical duty cycle of each of the 
5 wavelength components from its optimum value of 50%, thereby degrading the 
signal to noise ratio. Finally, if a Hadamard analyzer is configured for a first 
application, and the number of slots is changed to adapt the analyzer to a second 
application, the data acquisition and decoding algorithms must be changed as well, 
which significantly limits the instrument's adaptability. 

1 0 None of the above approaches is entirely satisfactory. It is, therefore, 

desirable to provide an improved spectrum analyzer where the above-noted 
disadvantages are avoided or significantly diminished, in particular, where the 
encoding, data acquisition and demodulation are both generalized and significantly 
simplified such that the details of the spectrum analyzer can be rendered to a single 

1 5 application specific hardware component. 

SUMMARY OF THR TNVF.NTTON 

This invention provides many advantages over the conventional Hadamard 
disc described above. In some embodiments for certain applications, this invention 

20 enables the amplitudes of wavelength components to be encoded as digitized 
replicas of smooth functions which render the encoded wavelength components 
substantially orthogonal to one another. In this manner, one can preserve the ideal 
50% duty cycle, eliminate the time consuming practice of solving a system of 
simultaneous equations to deconvolve the encoded signal, and the decoded signal 

25 is largely insensitive to transients which may occur in one or more of the 
wavelength components during a data acquisition cycle. In addition, the number of 
data acquisition steps becomes arbitrary which allows one to use a more generalized 
approach to decoding the optical signal. For this purpose, the modulation functions 
of the filters employed are such that they cause the amplitudes of given modulated 

30 wavelength components to change between three or more distinct levels of contrast 
as the modulator is rotated about an axis or otherwise displaced, the preferred 
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configuration having the largest number of distinct levels of contrast that is 
practical. 

In many practical embodiments, digitized versions or replicas of the smooth 
functions may be used instead of analog ones while retaining most of the 
5 advantages of the invention. The small interference effects caused by digitization 
can either be ignored, or accounted for and corrected as required by the application. 
The modulation functions of two dispersed radiation filters for two different 
channels are considered to be substantially orthogonal to each other when it is 
possible to differentiate the contribution to the detector signal caused by the 

10 wavelength component in one of the two channels from that caused by the 
wavelength component in the other channel without having to solve a simultaneous 
system of equations. The definition also allows for a finite number of corrections 
to compensate for the effects of digitization. As explained below, for different 
applications, this definition may be applied differently. In this manner, the time and 

15 effort required to decode the amplitude coefficients is greatly reduced. 
Furthermore, the modulators can be made with filters specifically adapted for 
certain analytical functions. If modulators with different characteristics are called 
for to perform a different analytical function, it is a simple matter to replace the 
modulator by one with the desired properties without altering the system apparatus. 

20 Another advantage of the invention lies in that the filters of a modulator are at fixed 
spatial relationship to each other, so that wavelength calibration is reduced in 
determining the alignment of the dispersed image onto the radius of the disc. 

One embodiment of the spectrum analyzer of this invention according to one 
aspect of the invention comprises a source providing radiation, where the radiation 

25 includes a plurality of selected wavelength components. Radiation from the source 
is collected, dispersed and focused to form an image dispersed by wavelength onto 
a plane. A two-dimensional spatial modulator positioned in the plane modulates 
amplitudes of the wavelength components to encode each component, such that the 
amplitude of each encoded component has three or more distinct levels of contrast 

30 as a function of time. The encoded beam is collected and directed towards a detector 
and signals generated by the detector are sampled and analyzed. Preferably, at least 
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two of the modulation functions for encoding two corresponding wavelength 
components have the optimum 50% duty cycle and are substantially orthogonal, so 
that the amplitudes of the two encoded components present in the total detector 
signal may be distinguished from each other without solving a system of 
5 simultaneous equations. Preferably, the modulator is rotated about an axis or 
otherwise reciprocated in a direction, where the modulator modulates the 
wavelength components so that the amplitude of each encoded component has three 
or more distinct levels of contrast as a function of time. More preferably, at least 
two of the modulation functions of the modulator have the optimum 50% duty cycle 

10 and are substantially orthogonal along an azimuthal axis relative to the rotation. 

Another aspect of the invention and useful for the above-described spectrum 
analyzer is a two-dimensional spatial radiation modulator adapted to be rotated 
about an axis. The modulator has a plurality of radiation filters at different radii 
from the axis for modulating amplitudes of different wavelength components of an 

1 5 incident radiation beam to encode the beam, so that the amplitude of each encoded 
component is a function of a rotation angle of the modulator about the axis. 
Preferably, one or more of the filters has a modulation function that encodes the 
amplitude of the corresponding component so that the encoded component has three 
or more distinct levels of contrast over time when the modulator is rotated about the 

20 axis. More preferably, the modulation functions are smooth functions or digitized 
replicas thereof, obtained by rounding up or rounding down to a finite number of 
levels of contrast, and the modulation functions of two filters for modulating two 
different wavelength components have the optimum 50% duty cycle and are 
substantially orthogonal. In the preferred embodiment, the modulator contains a 

25 series of timing marks and the analyzer has a number of optical switches which are 
triggered by the timing marks to establish the absolute angle of rotation for 
decoding purposes. Most preferably, the timing marks will also trigger the data 
acquisition from the detector and the decoding algorithm, which in turn, will 
substantially relax the requirements on the stability of the modulators rotational 

30 period. Preferably, the analyzer will have a dedicated radiation source and an 
analog detector which is partially interrupted by the timing marks to detect platter 
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wobble or a misaligned pattern on the modulator. More preferably, the signal 
generated by the analog detector would be used as input by the decoding algorithm 
or the analytical function to compensate for the undesired effects of platter wobble 
or a misaligned pattern. Most preferably, the signal generated by the analog 
5 detector would be used as input to control the position of one or more optical 
elements to keep the diffracted image centered on the modulator pattern. 
Preferably, the analyzers operating system will include an algorithm which will 
detect transients in the signal levels of the wavelength components which occur 
during a rotational period of the modulator. Most preferably, the algorithm will 

10 include a feedback mechanism to increase the motor speed in response to the 
detection of sub-rotational-period signal transients and decrease the motor speed in 
response to extended periods of time where the signal is stable. 

Another two-dimensional spatial radiation modulator that will be useful for 
spectral analysis includes a two-dimensional spatial radiation modulator adapted to 

1 5 be rotated about an axis, or otherwise reciprocated in a direction. The modulator 
includes at least one pair of radiation filters which are out of phase such that the 
signal resulting from the filter pair can be nulled by balancing the intensity of the 
light which is incident on the two filters. In that manner, the difference in the light 
intensity incident on the two filters can be measured directly, rather than inferring 

20 the difference by subtraction, an inefficient approach which wastes dynamic range 
of the analog to digital converter (ADC) in the event that such a converter is used. 
Preferably, one or more of the filter pairs has a modulation function that encodes the 
amplitude of the corresponding component difference so that the encoded 
component difference has three or more distinct levels of contrast over time when 

25 the modulator is rotated about the axis. More preferably, the modulation functions 
are smooth functions or digitized replicas thereof, obtained by rounding up or 
rounding down to a finite number of levels of contrast, such that the modulation 
functions of two filter pairs for modulating two different wavelength component 
differences have the optimum 50% duty cycle and are substantially orthogonal. 

30 Another two-dimensional spatial radiation modulator that will be useful for 

spectral analysis includes a two-dimensional spatial radiation modulator adapted to 
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be rotated about an axis, or otherwise reciprocated in a direction. The modulator 
has at least one dispersed radiation filter being in the shape of a band surrounding 
the axis, where the radial position of the band is modulated between two different 
radii from the axis, such that the center wavelength of the reflected radiation is 
5 modulated between two different wavelengths when the modulator is rotated about 
the axis. Preferably the band is serpentine in shape. 

Another two-dimensional spatial radiation modulator useful for spectral 
analysis is adapted to be rotated about an axis. The modulator has at least one 
dispersed radiation filter in the shape of a substantially continuous band around the 

1 0 axis, where the band has a width that varies as a function of a rotational angle of the 
modulator about the axis, to modulate the bandwidth of the reflected radiation. 

In another embodiment of the invention, a spectrum analyzer for analyzing 
a sample comprises a source to provide excitation radiation comprised of a first 
plurality of wavelength components, and means for collecting, dispersing and 

15 focusing a beam of radiation from the excitation source to form a first image 
dispersed by wavelength onto a first plane. A first two-dimensional spatial 
radiation modulator is positioned in the first plane to modulate the amplitude of the 
first plurality of wavelength components, where such amplitudes are periodically 
modulated using three or more distinct levels of contrast. The encoded excitation 

20 beam is collected and focused onto the sample, causing the sample to emit or scatter 
a beam of radiation. The emitted or scattered beam of radiation from the sample is 
collected and focused to form a second image dispersed by wavelength onto a 
second plane. A second two-dimensional spatial radiation modulator positioned in 
the second plane modulates the amplitudes of a second plurality of wavelength 

25 components in said emitted or scattered beam to encode such beam, where such 
amplitudes are periodically modulated using three or more distinct levels of 
contrast. The encoded emitted or scattered beam is collected and focused onto a 
detector and a time-based signal generated by the detector is analyzed for cross- 
modulation phenomena. 

30 In some applications, it may be desirable to measure certain characteristics 

of a sample when excited by radiation from two or more different excitation 
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sources. Some samples are such that the results of the measurements may differ 
depending upon which source is first used in a sequence of measurements 
employing different excitation sources. Thus, measurement of the sample using one 
excitation source may cause a change in the sample that will affect its measurement 
5 by means of another excitation source. 

For such applications, it may be desirable to measure the sample by means 
of two or more different excitation sources substantially simultaneously, where each 
source provides radiation in a corresponding wavelength range. For this purpose, 
radiation is provided from two or more excitation sources where the radiation 

10 comprises wavelength components in two or more corresponding ranges of 
wavelengths. Radiation from the sources are directed to a sample such that 
excitation radiation in not more than one of the ranges is directed to the sample at 
a time. In response to excitation radiation, the sample emits, transmits or scatters 
radiation. After such emitted, transmitted or scattered radiation has been encoded 

15 by the modulator, the encoded radiation is detected in a manner such that the 
contribution to the detector signal caused by radiation from each of the sources may 
be distinguished from contributions to the signal by the other sources. In this 
manner, the characteristics of the sample emission, transmission or scattering may 
be measured by means of radiation in different ranges of wavelengths from different 

20 excitation sources substantially simultaneously. Preferably, at least two of the 
modulation functions of the modulator are substantially orthogonal to one another 
and have the optimum 50% duty cycle. In the preferred embodiment, annular 
regions each comprising a series of optical gates may be provided in a peripheral 
region of the modulator to sequentially pass radiation from the excitation sources 

25 to the sample in a manner which synchronizes the data acquisition with the opening 
of the optical gates so that data acquired by means of radiation from one excitation 
source may be distinguished from those acquired using radiation from other 
excitation sources. Preferably, the modulation functions of the modulator has three 
or more distinct levels of contrast. 

30 The invention is also useful for monitoring stability of tunable radiation 

sources, such as lasers. A beam of radiation from at least one of the sources is 
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diffracted to form an image onto a plane. Hence, a change of wavelength of the 
radiation from the source will cause the image to move on the plane. The beam of 
radiation is diffracted onto a modulator placed at the plane having a pair of filters 
at different radii from an axis for modulating amplitudes of wavelength components 
5 of the beam to encode the beam. The pair of the filters have modulating functions 
that are out of phase with respect to each other. The modulator is rotated about the 
axis so that the intensity of the encoded beam is proportional to the difference of 
intensities of radiation from the beam incident on the two filters. The encoded 
beam is detected and analyzed for monitoring the at least one excitation source. 

1 0 Thus, if the wavelength(s) of the radiation provided by the excitation source change, 
this will cause the image formed by the beam of radiation on the modulator to 
move, thereby causing the difference of intensities of radiation from the beam 
incident on the two filters comprising the pair to change, resulting in a change in the 
signal detected by the detector. Such change may be used in a feedback scheme to 

1 5 tune the source so that its wavelength(s) remain stable. Preferably, each of the 
modulation functions has three or more distinct levels of contrast. More preferably, 
where more than one pair of filters are present, the modulation functions of any 
given pair are substantially orthogonal to those of another pair and have the 
optimum 50% duty cycle. More than one excitation sources may be monitored at 

20 the same time. 

Some sources of radiation are not point sources but have dimensions. This 
invention enables each portion of the radiation source to be monitored separately 
from other portions. This is particularly useful for analyzing different samples 
having different optical characteristics such as emission, fluorescence and 

25 scattering, where the different samples may be considered collectively as an 
extended source of radiation. Radiation from at least two portions of an extended 
source are imaged on a two-dimensional spatial radiation modulator. In the 
preferred embodiment, radiation from the extended source is collected such that the 
image is preserved and focused along a spatial axis by means of a cylindrical 

30 objective to form a one-dimensional spatial image onto the modulator. The 
modulator has filters with first modulating functions to encode the radiation from 
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the at least two portions of the extended source. The encoded radiation or radiation 
derived therefrom is detected and analyzed so that the encoded radiation from each 
portion of the extended source is distinguishable from that from another portion. 
For some applications, it may be desirable to further spectrally analyze the encoded 
5 radiation from each of the portions of the source. This may be performed by 
directing the encoded radiation after encoding by the first modulator towards a 
diffraction element which disperses the radiation towards a second two-dimensional 
radiation modulator having filters with second modulator functions to further 
encode the beams with spectral information. The further encoded radiation is then 
1 0 detected and analyzed to derive the amplitudes of at least some spectral components 
of radiation from each of the portions of the extended source. 

BRTRF DRSCRTPTT ON OF THF. DRAWINGS 

Fig. 1A is a schematic side view of a spectrum analyzer to illustrate the 
1 5 preferred embodiment of this invention where the encoding is achieved by spatially 
varying the reflectance properties of the modulator. 

Fig. IB is a schematic view illustrating a view along the line IB- IB in Fig. 
1 A of a portion of the analyzer in Fig. 1 A. 

Fig. 2 is a top view of a two-dimensional spatial radiation modulator suitable 
20 for use in the analyzer of Fig. 1 A to illustrate an embodiment of the invention. 

Fig. 3A is a graphical plot of a digitized replica of a smooth modulation 
function of one of the dispersed radiation filters in the modulator of Fig. 2 and an 
idealized modulation function from which the digitized modulation function of the 
filter of the modulator in Fig. 2 can be derived. Shown also in Fig. 3 A is a digitized 
25 modulation function with only three levels of gray scale as a coarse digitized replica 
of the idealized modulation function of Fig. 3 A. 

Fig. 3B is a plot showing the effects of finite digitization on the nominally 
orthogonal amplitude wavefunctions, sin 2 (m0+p7i:/4). The data points were 
obtained for a twenty-five channel system, where p=0, and m=l-25. 
30 Fi g- 4A is a graphical illustration of the digitized replica of a smooth 

modulation function of two of the dispersed radiation filters of the two-dimensional 
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modulator of Figs. 2 and 3 and the elongated dispersed image superposed upon the 
replicas to illustrate the invention. 

Fig. 4B is a graphical illustration of the origin of the gray scales or levels of 
contrast to illustrate the invention. 
5 Fig. 5 is a top view of a two-dimensional spatial radiation modulator to 

illustrate a modulator with four dispersed radiation filters for encoding different 
wavelength components using different modulation functions that are orthogonal 
to one another. 

Fig. 6 is a top view of a two-dimensional spatial radiation modulator 
10 illustrating four spatial radiation filters for encoding four different wavelength 
components using the same modulation function. 

Fig. 7 is a top view of a two-dimensional spatial radiation modulator which 
provides spatial radiation filters in the shape of serpentine bands, each of which is 
located between two corresponding concentric circles of different radii from the 
15 rotation axis to illustrate another aspect of the invention. 

Fig. 8 is a top view of a two-dimensional spatial radiation modulator 
provided with a spatial radiation filter in the shape of a band whose width varies 
with the rotational angle about the rotation axis to illustrate yet another aspect of the 
invention. 

20 Fig. 9 is a top view of a two-dimensional spatial radiation modulator 

provided with two spatial radiation filters having modulation functions at the same 
frequency but out of phase with respect to each other to illustrate another aspect of 
the invention. 

Fig. 10A is a schematic view of a cross-modulation fluorescence 
25 excitation/emission analyzer to illustrate one more aspect of the invention. 

Fig. 1 OB is a view of the analyzer of Fig. 10A along the direction 10B-10B 
in Fig. 10A. 

Fig. 1 1 A is a schematic view of a spectrum analyzer that includes a folding 
mirror whose position is controllable to illustrate a preferred embodiment of the 
30 invention. 
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Fig. 11B is a schematic view of the spectrum analyzer of Fig. 11 A, 
illustrating in more detail the positioning of the folding mirror and other aspects of 
the analyzer. 

Fig. 1 1C is a view of a portion of the spectrum analyzer of Fig. 1 IB along 
5 the line 1 1C-1 1C in Fig. 1 IB. 

Fig. 12A is a schematic view of an apparatus for making the two- 
dimensional spatial radiation modulator of this invention. 

Fig. 12B is a graphical illustration of the laser intensity that may be 
employed in the apparatus of Fig. 1 A for making the two-dimensional modulator. 
10 Fig. 13A is a schematic view of a spectrum analyzer useful for measuring 

the optical characteristics of a sample when excited by means of two distinct 
excitation sources. 

Fig. 13B is a top view of a two-dimensional spatial radiation modulator 

useful for the embodiment of Fig. 13 A. 
1 5 Fig. 1 4 is a top view of a two-dimensional spatial radiation modulator useful 

for monitoring the stability of tunable radiation sources. 

Fig. 15A is a schematic view of an apparatus useful as an image analyzer 

and for analyzing the optical properties of different portions of an extended 

radiation source to illustrate another aspect of the invention. 
20 Figs. 1 5B and 1 5C are views taken along the lines 1 5B-1 5B and 1 5C- 1 5C 

in Fig. 1 5 A. For simplicity in description, identical components are labeled by the 

same numerals in this application. 

DETAILE D DESCRIPTION OF THE PREFERRED EMBODIMENT 
25 Fig. 1 A is a schematic view of a spectrum analyzer to illustrate a preferred 

embodiment of the invention where the encoding of the selected wavelength 
components is achieved by spatially varying the reflectance properties of the 
modulator. As shown in Fig. 1 A, spectrum analyzer 20 includes a two-dimensional 
spatial radiation modulator 22 for modulating radiation from a source 24, which 
30 may be a broadband or multiple wavelength source such as a blackbody radiator, 
an incandescent source, a low-pressure isotope lamp, an x-ray excited sample, a 
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Raman excited sample, a luminescent sample, a dye laser, a semiconductor laser, 
a glass laser, a gas laser and specifically, a carbon dioxide laser. After the radiation 
from source 24 has been encoded by modulator 22, the encoded beam is directed 
towards a detector 26 which provides, in response to the encoded beam, a detector 
5 output to an analyzing means such as a computer 28. An input radiation beam from 
source 24 is preferably passed through an entrance aperture 32 to a folding mirror 
34 which reflects the radiation towards a concave diffraction grating (focusing 
grating) 36 which focuses the radiation onto modulator 22. Grating 36 also diffracts 
the input beam so that an elongated image dispersed according to wavelength is 

10 formed on the modulator. Preferably, the elongated image is formed with its length 
along a radial direction of the modulator 22 when the modulator is rotated about an 
axis 40 by means of a motorized platter 42. The dispersed radiation filters in or on 
modulator 22 encode the different wavelength components in the input beam by 
selectively reflecting the encoded components towards grating 36. Grating 36 in 

1 5 turn collects, reflects and focuses these components into an encoded beam towards 
folding mirror 34 which reflects the beam towards an exit aperture 44 to detector 
26. Detector 26 detects the total intensity of the different encoded wavelength 
components in the encoded beam to provide a detector output to computer 28. 

Preferably, each wavelength component is modulated by a corresponding 

20 filter having its modulation function. Thus, each filter on the modulator 22 forms 
a channel separate from the other filters/channels. 

Computer 28 includes a decoding algorithm 400a, application specific 
analytical function 400d and an output 999. Preferably, the detectors analog output 
is sampled by an Analog-to-Digital Converter (ADC) 400adc which is triggered by 

25 an optical switch comprised of radiation source 154a and photodetector 156a. A 
second optical switch, comprised of radiation source 154b and photodetector 156b, 
provides the computer with a reference of 0 degrees to synchronize the ADC 400adc 
output with the decoding algorithm. As will be described below, as taught by this 
invention, the filters in or on modulator 22 are such that the optimum 50% duty 

30 cycle is retained and computer 28 can distinguish the intensity contribution of each 
wavelength component that is encoded by modulator 22, without having to solve 
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a simultaneous system of equations. A periodic modulation function of a filter has 
a 50% duty cycle when the average value of the function over a period is 50%. 

A third optical switch, comprised of radiation source 1 54c and photodetector 
156c, is positioned such that the radiation emitted by 154c and collected by 156c 
5 is partially interrupted by the timing marks on modulator 22. Preferably, the 
timing-beam 154c/photodetector 156c combination used for quantifying positional 
error is positioned such that the timing marks obscure roughly half of the timing 
beam. The analog output of photodetector 156c provides the computer with 
information on platter wobble and alignment errors of the pattern of dispersed 
10 radiation filters on modulator 22 with respect to the axis of rotation 40. A sample 
cell (not shown) may be placed between the source and the entrance aperture or 
between the exit aperture 44 and the detector 26 for analysis of the sample in the 
cell. 

Fig. IB is a view of the entrance and exit apertures 32, 34 along the arrow 

1 5 IB-IB in Fig. 1 A. Also shown in Fig. 1 A is an xyz axis, so that the view along the 
arrow IB- IB is along the negative x axis. 

Fig. 2 is a top view of a spatial radiation modulator with four different 
spatial radiation filters thereon to illustrate an embodiment of the invention. As 
shown in Fig. 2, modulator 22a includes four dispersed radiation filters 50a, 50b, 

20 50c and 50d. These filters may be formed as a layer of radiation reflective material 
on top of a non reflective substrate, or as a layer of non-reflective material on top 
of a reflective substrate; alternatively, these filters may be formed as radiation 
transmissive areas in an opaque substrate or as a layer of opaque material on a 
transmissive substrate. For convenience in description, the spatial radiation filters 

25 are described to reflect radiation, it being understood that spatial radiation filters 
that transmit instead of reflect radiation may be used instead in each of the 
embodiments herein and such variations are within the scope of the invention. 

In the preferred embodiment, filters 50a-50d have digitized modulation 
functions that are the digitized approximations or replicas of the function 

30 sin 2 (m0-+pit/4), wherein m is an integer and p can take on any one of the values 0, 
±1, ±2 and ±3. Filter 50a, for example, is a digitized approximation of the 
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modulation function sin 2 (38), filter 50b that of modulation function sin 2 (50), filter 
50c that of sin 2 (70) and filter 50d that of sin 2 (90). Thus, the reflectance or 
transmittance of each of the dispersed radiation filters 50a-50d varies as a distinct 
function of the rotational angle 0 around the rotational axis 40. 
5 One possible digitized approximation 5 1 to the sin 2 2 function with m=l and 

p=0 is illustrated in Fig. 3 A, which is obtained by rounding sin 2 6 up or down using 
20 levels of gray scale. Also shown is the digitized approximation to the sin 2 0 with 
three levels of gray scale, 5 lx. In general, the more levels of gray scale the closer 
is the digitized approximation to the idealized modulation function sin 2 0 which is 

10 shown in dotted line 50'. Obviously, other digitized approximations of the 
idealized function 50' may be employed and are within the scope of the invention. 
The digitized approximations are adequate when it is possible to differentiate the 
contribution to the detector signal caused by the various wavelength components 
without having to solve a simultaneous system of equations, and may include a 

1 5 small but finite number of corrections to compensate for the effects of digitization. 

Fig.3B is a plot showing the effects of finite digitization on the nominally 
orthogonal amplitude wavefunctions, sin 2 (m0+p-n;/4). The data points were 
obtained for a twenty-five channel system, where p=0, and m=l-25. A difference 
in the decoded amplitudes is defined by normalizing the twenty-five amplitudes to 

20 unity, decoding the amplitudes a first time, and then varying the amplitude of a 
single channel and decoding the amplitudes a second time. The average output 
error is given by the sum of the absolute difference in the first and second decoded 
amplitudes divided by the number of channels. In the figure, 61a, 61b and 61c are 
the resulting errors for varying the amplitude of the fundamental, m=l, the first 

25 harmonic, m^l, and the second harmonic, m=3 by +/- 100%. The error for varying 
the amplitude of the m=l 1 term is also shown by 61d. The figure clearly illustrates 
the effects of finite digitization on the orthogonality of the modulation 
wavefunctions. Low end applications may only require 3-10 levels of contrast to 
meet a given accuracy specification, but high end systems, where significant 

30 accuracy is required may require 20 or more levels of contrast. For the most 
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demanding applications, the first-order correction described below may be used to 
correct the decoded amplitudes for the interference. 

As noted above, many of the advantages of the invention stem from the fact 
that it is possible to choose filter modulation functions that retain the optimum 50% 
5 duty cycle and to decode the detector signal to obtain the respective amplitudes of 
two or more wavelength components without having to solve a simultaneous system 
of equations. For many applications, this is possible where the modulation 
functions are roughly orthogonal. For some applications requiring very high 
accuracy, it may be useful to define substantial orthogonality as follows. The 
10 modulation functions of two dispersed radiation filters may be considered to be 
substantially orthogonal to each other when the following conditions are satisfied: 
1 ) the error in the decoded amplitude of a first channel caused by changing the 
output of a second channel by 100% in either direction is less than one part 
in 1000 after applying the first-order correction as described below; and 
15 2) the error in the decoded amplitude of the second channel caused by 
changing the output of the first channel by 100% in either direction is less 
than one part in 1000 after applying the first-order correction as described 
below. 

Fig. 4A is a graphical illustration of the elongated wavelength dispersed 
20 image 52 which is focused by grating 36 of Fig. 1 A onto the plane of the modulator 
depicted in Fig.2 to illustrate the invention. As shown in Fig. 4A, the elongated 
image 52 is dispersed along the x axis. Two different wavelength components, 52a 
and 52b, of the dispersed image 52, which are encoded by modulator 22b are shown 
by different crosshatching in Fig. 4A. Wavelength component 52a is characterized 
25 by a center wavelength (A 2 +A,)/2 and a bandwidth (A 2 -Xj). Similarly, wavelength 
component 52b is characterized by a center wavelength (X 4 +X 3 )/2 and a bandwidth 
(VA, 3 ). For simplicity, only filters 50a and 50b of Fig.2 are shown schematically 
in Fig. 4A. 

Fig. 4B is a graphical illustration of the origin of the gray scales or levels of 
30 contrast to illustrate the invention. The curve Nl is the image intensity of 52a along 
the Y axis and curve N2 is the spatially modulated reflectance of the dispersed 
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radiation filter 50a along the Y axis at an arbitrary rotational angle 6'. The curve 
N3 is the product of curves Nl and N2 and is displaced along the vertical axis for 
clarity. From the figure, it is apparent that the relative reflectance of 50a at 6' is 
given by the ratio of the area under curve N3 to the area under curve Nl. As 
5 modulator 22a is rotated about axis 40 as shown in Figs. 1A and 2, wavelength 
component 52a is focused onto different portions of dispersed radiation filter 50a. 
Thus, as the modulator 22a is rotated, wavelength component 52a is encoded by the 
angle-dependent reflectance of dispersed radiation filter 50a. As shown in Fig. 4B, 
the number of levels of contrast or gray scale are determined by the spatial 

1 0 resolution of the spatially modulated reflectance of filter 50a and the width of the 
dispersed image 52a along the Y axis. 

At any given rotation angle, the total signal incident on detector 26 in 
Fig.lA is given by the sum of the sub-signals arising from the selected wavelength 
components, 52a-52d, independently encoded by the angle-dependent reflectance 

15 of their corresponding dispersed radiation filters, 50a-50d, on modulator 22. 

In reference to Fig. 2, image 52 is dispersed by wavelength along a radial 
axis with respect to the rotation of modulator 22a about axis 40, where the radial 
direction coincides with the x axis in Figs. 1 A and Figs .4 A, 4B. Theoretically, the 
modulation function of the filters can change in both the radial and azimuthal 

20 directions. In the embodiment of Fig. 2, the modulation functions of the filters 50a- 
50d change only in the azimuthal direction and not in the radial direction. Each of 
the filters 50a-50d occupies a two-dimensional annular area having a radius and a 
width. Therefore for simplicity, the width of the filters may be ignored and the 
modulation functions of the filters along the azimuthal direction regarded as the 

25 modulation functions of the two-dimensional filters. It being understood that spatial 
radiation filters with arbitrary widths are within the scope of the invention. 

Fig. 5 is a top view of another embodiment 22b of the spatial radiation 
modulator of Fig. 1A. Modulator 22b is provided with four dispersed radiation 
filters 50a, 54a, 56a and 58a, where the modulation functions of the four filters are 

30 all digitized approximations of the function of the general form sin 2 (m6+p7u/4) 
described above in reference to modulator 22a of Fig. 2. In filters 50a-50d of 



WO 00/00796 



PCT/US99/14446 



18 

modulator 22a of Fig. 2, p has the value 0 for all four filters, whereas m has the 
values 3, 5, 7 and 9. In modulator 22b of Fig. 5, however, the filters 50a, 54a, 56a, 
58a have the respective p values of 0,1, 2, and 3, whereas m is 3 for all four filters. 
In general, the dispersed radiation filters of any form in the modulator can be 
5 defined by specifying the values for m and p in the expression sin 2 (m0+p7t/4), 
where m is an integer and p can take on any one of the values 0, ±1, ±2 and ±3. 
Thus in general, the intensity of the encoded beam detected by detector 26 in Fig. 
1A from a spatial radiation modulator such as modulators 22a, 22b or other 
modulators described in this application can be given in general by the following 
10 equation: 

(1) 

1 5 where S(0) is the intensity detected by the detector 26, and the summations include 
all of the m and p values corresponding to the filters present in a given modulator 
design. In equation 1 above, a m p is the amplitude of the wavelength component that 
has been encoded by the dispersed radiation filter having a modulation function 
which is a digitized approximation or replica of sm 2 (me+prc/4). This invention 

20 permits one to retain the optimum 50% duty cycle and to determine the amplitudes 
of the wavelength components without solving a simultaneous system of equations 
as will be demonstrated below. In the summation process in equation 1 , the filters 
present in a particular spatial radiation modulator may not include filters 
corresponding to all combinations of m and p values. This is exemplified in the 

25 modulator 22a of Fig. 2 where p takes on only the value 0, and in the modulator 22b 
of Fig. 5 where m takes on the value 3 throughout all the filters. In such event, the 
amplitude a m p for filters that are not present in the modulator is simply 0. 

As a further benefit, this approach enables the use of generalized approaches 
for the modulator drive system, data acquisition and the decoding algorithms. For 

30 example, the platter is rotated at a roughly constant frequency (as opposed to being 
stepped), the detectors analog output is sampled by an Analog-to-Digital Converter 
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(ADC) 400adc which is triggered by an optical switch comprised of radiation source 
154a, photodetector 156a and timing marks 1 50, a second optical switch, comprised 
of radiation source 154b, photodetector 156b and timing mark 152, provides the 
computer with a reference of 0 degrees to synchronize the ADC output with the 
5 decoding algorithm 400a. Hence, the decoding algorithm is compatible with any 
function defined in equation 1, and the number and identity (m, p and 
wavelength/bandwidth) of the modulated components, and the specific analytic 
functions to be performed on the decoded data are defined in application specific 
software. It is still further preferred that the application specific software be located 
10 on one side of the application specific hardware, the patterned disc. 

The trigonometric functions sin 2 (m0+p7i;/4) obey the following orthonormal 
relation. 

(2) 

J[ 2 *d6>cos(2m#+ p7r/2)sm 2 (n0+ qn/4)=- -^S m n (S pq - d pq+2 ) 



the amplitudes a mp of the encoded wavelength components may be determined 
using the orthogonal properties of the trigonometric functions in accordance with 
equation 3 below: 

20 = f n d0cos(2me+ ptt/2)S(0) (3) 



One complication introduced by the use of digitized approximations or replicas of 
the trigonometric function in the modulators 22a, 22b leads to a ringing phenomena 

25 at higher harmonics of the fundamental rotational frequencies and gives rise to 
interference terms which are proportional to the various amplitudes of the 
wavelength components in the different channels. However, for sufficiently high 
numbers of levels of contrast, residual interference can be ignored for many 
applications. Nevertheless, the orthogonality described by equation 2 and used in 

30 equation 3 above is inexact. As a result, it is preferable for the interference terms 
to be accounted for and the individual amplitudes corrected for the interference 
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resulting from the amplitudes in the other channels, which naturally leads to a series 
of successively higher-order correction terms: 

(4) 



where the zero-order amplitude coefficients are determined from 

a Z= - 7 td0cos(2m6+ pni2)S{&) (5) 



10 



The first-order correction is given by 



(6) 



1 5 where the primes on the summations indicate that the term where m = n and p = q 
is excluded. 

A m,p 

The matrix elements n,q are determined by sequentially decreasing or 

enhancing the amplitudes of the a n q and measuring the changes in a,n ' p . For 

da a 
example, if we identify m > p ^ the change in m - p resulting from the change 

20 * A the imposed change in , the corresponding matrix element is given by 



30 



In practice, the integral shown in Equation 5 is replaced with a discrete 
summation over the number of steps M per rotation. On start-up, a three 
dimensional trigonometric look-up table m ' p , is defined and initialized with the 
values of cos(2m0+pTx/2) evaluated at the step interval for rotation. 

T m t= ~ —cosUm4n/ M+ pit IT) (8) 
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The zeroth-order amplitude coefficients are given by a summation of the discrete 
signal measurements multiplied by the corresponding entry in the trigonometric 
look-up table 



where S(j) is the ADC reading from the detector at the jth rotational step. At the 
end of a complete rotation, the first-order corrections are evaluated if required for 
a given application: 

. > (10) 



Note that if the amplitudes have not changed significantly since the last time the 

1 5 corrections were evaluated, the corrections need not be re-evaluated. 

From the description above, it is seen that where M measurements are taken 

by rotation from 0 ° through 360 ° of the modulator, the value of j for the jth rotation 

step would range from 1 through M. The different combinations of m and p that are 

present on the modulator corresponding to the actual dispersed radiation filters that 

20 are present would give rise to a number N equal to the total number of channels 

present on the modulator. Upon start-up of the system using a particular modulator, 
T J 

a trigonometric look-up table m,p , is then constructed using equation 8 above. In 
order to obtain the first-order correction, the amplitude a n q of the channel having a 
modulation functiogy which is an approximation of sin 2 (n^+q7i:/4), is increased or 

25 decreased by m ' p and the changes in the amplitude m,p is detected^Thus, if 
the change introduced in amplitude a n q , is n ' q the imposed chang^ m - p caused 
by such introduction defines the corresponding matrix element as given by 

equation 7 above. This process therefore defines a matrix n ' q defined by 
equation 7. The amplitude a n q may be altered by simply blocking the radiation that 

30 is reflected by the corresponding filter. At the end of a complete rotation, the first- 
order corrections may then be determined according to equation 1 0 above. 
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Thus, upon initialization of the system such as system 20 of Fig. 1A, a N 
T J 

row by M column matrix m ' p is calculated and its values stored in a N row by M 
column matrix look up table. Then when each of the M measurements at M values 
of 2 are obtained when the modulator is rotated from 0 to 360°, M, M being a 
5 positive integer and so is N, the computer derives the amplitude of each of the 
wavelength components (the coefficients a m p in equation 1) in the N channels by 
summing the products of each of the M measurements with each of the M entries 
in the corresponding row in the look-up table for each such channel. 

10 TRA N SIE NT DETECTI ON A ND MOTO R CO NT ROL: Preferably, at 

each step j the detector signal is subtracted from the expected signal calculated 
using the last calculated zeroth-order amplitude coefficients defined by equation (9) 
above: 

15 AS k (j) = S k (j) -{l m _l p a {k ^ mp sin 2 (J*m*27ul M+Iizl 4)f^ 

where S k (j) the detector signal measured at the jth step on the kth rotational period 
and the a (k l) mp are the zeroth-order amplitude coefficients calculated for the (k-l)th 
rotational period. The magnitude of AS k (j) is used to detect transients which occur 

20 on a sub-rotational-period time scale. Preferably, when the magnitude of AS k (j) 
exceeds a predefined threshold, the analyzers operating system increases the speed 
of the motor device 42 (such as by means of control signal from computer 28 to 
motor device 42), and when the magnitude of AS k (j) drops below a second 
predefined threshold for a predefined extended period of time, the analyzers 

25 operating system decreases the speed of the motor device 42. In that way, the motor 
device 42 can be run a slow as possible, thereby increasing the operating life. Most 
preferably, AS k is analyzed over a finite number of steps to determine its harmonic 
content, which in turn will be used as input by the decoding algorithm to 
compensate for the harmonic interference resulting from sub-period signal 

30 transients. Control of device 42 may be accomplished by means of computer 28 via 
a control signal line (not shown in the figures) to device 42. 
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Fig. 6 is a top view of a spatial radiation modulator 22c with four dispersed 
radiation filters therein with the same modulation functions sin 2 (m0+pTt/4), but 
located at different radii from the rotational axis 40 for encoding different 
wavelength components. This may be useful for the grouping of wavelengths into 

5 sub-groups, where the components of such wavelengths are collectively modulated 
to enhance the signal-to-noise ratio. As shown in Figs. 2, 5 and 6, the dispersed 
radiation filters preferably comprise areas in the shape of annular segments at 
different radii from the rotational axis 40. 

Fig. 7 is a top view of another spatial radiation modulator 70 to illustrate 

1 0 another aspect of the invention. As shown in Fig. 7, modulator 70 is provided with 
three continuous bands 72, 74, 76 which are serpentine in shape. Each of the bands 
72, 74, 76 is located between two concentric circles of two different radii from the 
rotational axis 40. Band 74, for example, is located between two concentric circles 
78, 79 at radii rl and r2 from the rotation axis 40, where the two radii correspond 

15 to two different wavelengths X } and X 2 . Thus, serpentine band 74 is of such a shape 
that its path oscillates between the two concentric circles at a modulation frequency 
given by the equation below: 

(12) 

2Q r(0) = r 1 + (rl - rl) * sin 2 (m * 6) 

where m is an integer, and 2 the rotational angle around the rotation axis 40. 

The same is true for bands 72, 76. As will be evident from Fig. 7, band 74 
is modulated at a frequency intermediate between the modulation frequencies of 

25 bands 72 and 76. Therefore, in the same manner as that described above for 
demodulation of the different wavelength components for the modulators 22a and 
22b in Figs. 2 and 5 above, the amplitude of the signal at the wavelength (A,, + X z )/2 
modulated at a frequency for band 74 between the two wavelengths can be obtained 
in a similar manner from a single measurement when the modulator is rotated by 

30 360 degrees. By choosing an appropriate modulation frequency, it is possible to 
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obtain the first derivative between X l and X 2 , which may be useful for many 
applications. 

Fig. 8 is a top view of yet another spatial radiation modulator 80 to illustrate 
another aspect of the invention. Modulator 80 is provided with a band 82 having 
5 a width that varies as a function of the rotational angle 2 around the rotation axis 40 
at a selected frequency given by the equation: 

(13) 

Ar(&) = Ar/ + (Ar2- A 41)+ sin 2 (m<9) 



10 where m is an integer, and 2 the rotational angle around the rotation axis 40. The 
narrowest point is 82b and the widest point of the band is 82a. The detected 
amplitude of the wavelength component encoded by band 82 may be used to adjust 
the measurement results obtained using modulators 22a, 22b, 22c for correcting 
errors introduced by imperfections of the different components of the spectrum 

15 analyzer. 

In the preferred embodiment, the dispersed radiation filters comprises two- 
dimensional patterns of alternating high and low transmittance or reflectance areas. 
Such pattern is a practical implementation of the digitized approximation or replica 
of a smooth periodic function such as the sine squared function. This is analogous 

20 to the half-toning process used in printing where black and white printed patterns 
are used to approximate intermediate gray scale levels. Thus as shown in Figs. 2, 
5 and 6, areas in the dispersed radiation filter with higher reflectance are shown with 
a higher concentration of black dots whereas areas of the filters with a lower 
reflectance are shown with fewer dots. As noted above, the black dots in these 

25 figures may indicate areas of high transmittance or reflectance, whereas the white 
background of the disc in such filter areas is substantially non-reflective, non- 
transmissive or opaque. The size of the dots in these filters defines the size of 
reflective or transmissive pixels. Instead of using a substrate with low reflectivity 
or transmission and a patterned layer of high reflectively material on the substrate 

30 as described above, (or forming patterned transmissive areas in an opaque 
substrate), the dispersed radiation filters may be constructed in a different manner. 
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Thus a substrate with moderate reflectivity or transmission may be employed 
instead. Then in areas of the filters requiring high reflectivity or transmission, an 
area having such characteristics is formed (by deposit of a reflective layer or 
formation of transmissive area), and a layer of low reflectivity or translucidity 
5 material may be deposited in areas of the filter calling for such characteristics. 

Instead of using patterns of alternating high and low reflectance or 
transmission, it is also possible to construct the modulators with substantially 
orthogonal modulation functions that are not digitized but are "analog" in nature. 
Thus neutral density filters may be used for this purpose, where the filters are 

10 formed by sputtering a light reflective material onto a transparent substrate. 
Depending on the thickness of the material sputtered, the amount of transmission 
can be controlled to achieve a particular substantially continuous and smooth 
transmittance function. Instead of using modulator 70 of Fig. 7 to obtain a first 
derivative between the wavelengths A.,, X 2 , the same result may be obtained using 

1 5 the modulator 22a or 22b. The amplitude of the component at a first wavelength A, 
encoded according to the function sin 2 (m6+p]7t/4) and the amplitude of the 
component at a second wavelength X 2 encoded according to the function 
sin 2 (m0+p 2 n:/4) are obtained, where p r p 2 is an even integer and Pi and p 2 having 
one of the values 0, ±1, ±2 and ±3. The computer then derives the difference 

20 between the modulated amplitudes of the components at X^ and X 2 , to obtain a first 
derivative value at (X 2 +X 2 )/2. This procedure can be generalized to include 
differences between arbitrary wavelength components. 

Fig. 9 is a top view of a spatial radiation modulator 22ModDiff to illustrate 
another aspect of the invention. Modulator 22ModDiff is provided with three 

25 dispersed radiation filters, Na, Nb, and Nc, where the modulation function of the 
three filters are all digitized approximations of the general form sin 2 (m0+p7t/4) 
described above in reference to modulator 22a of Fig. 2. In modulator 22ModDiff, 
however, filters Na and Nb are designed to measure the difference in light intensity 
between a pair of wavelength components of the dispersed image 52 in Fig. 4A. 

30 Filters Na and Nb form a pair, Na/Nb, having the same modulation frequency, (e.g. 
m=3), but are out of phase (i.e. different p values, where the difference between the 
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p values of the two filters is an even integer) such that the signal resulting from the 
filter pair, Na and Nb, can be nulled by balancing the intensity of the light which is 
incident on Na and Nb. For instance, the light intensity can be balanced by varying 
the width of Na with respect to Nb. The resulting signal at the detector 26 is 
5 proportional to the difference in light intensity incident on Na and Nb. In this 
manner, the difference in the light intensity incident on the two filters can be 
measured directly, rather than inferring the difference by subtraction, an inefficient 
approach which wastes dynamic range of the analog to digital converter (ADC). In 
general terms, the filter pairs can be thought of as being comprised of a signal 
1 0 channel S (e.g. Na) and a reference channel R (e.g. Nb), and the invention measures 
S-R directly. 

In many applications, the analytical function 400d in Fig.l, requires 
knowledge of the absolute intensity of the signal S and reference R. Typically, the 
intensity of the reference R is stable for extended periods of time, and therefore, it 

1 5 is possible to measure the absolute intensity of R at some time tO and then measure 
the difference S-R to obtain the absolute intensity of the signal S at some later time 
tl. In modulator 22ModDiff, filter Nc is designed to provide the absolute intensity 
at the midpoint between S and R. The frequency of Nc is chosen to be much higher 
than the frequency of the Na/Nb pair so that the signal originating from Nc can be 

20 filtered out using an appropriate low-pass analog filter 4001pf between the detector 
26 and the analog to digital converter 400adc. Preferably, the low-pass analog filter 
4001pf in Fig. 1 has a programmable cutoff frequency such that the signal originating 
from Nc can be switched in and out of the signal path to 400adc as needed. In this 
manner, the absolute intensity associated with the filter pair Na/Nb can be measured 

25 during a calibration cycle and subsequently, the difference S-R can be used to 
enhance the instruments resolution. In the alternative, the signal from detector 26 
can be split into two signal paths with different low-pass filters, and a first ADC can 
be used to measure Na/Nb and a second ADC can be used to measure Nc. 

Instead of using modulator 70 of Fig. 7 to obtain a first derivative between 

30 the wavelengths A, and X 2 , the same result may be obtained using modulator 
22ModDiff and locating Na and Nb adjacent to one another. The signal originating 
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from the filter pair Na/Nb is equivalent to the first derivative of the incident 
intensity evaluated at A 2 )/2. 

Preferably, one or more of the filter pairs has a modulation function that 
encodes the amplitude of the corresponding wavelength component difference so 
5 that the encoded component difference has three or more distinct levels of contrast 
over time when the modulator is rotated about the axis. More preferably, the 
modulation functions are smooth functions or digitized replicas thereof, obtained 
by rounding up or rounding down to a finite number of levels of contrast, and are 
of such nature such that the modulation functions of two filter pairs for modulating 

1 0 two different wavelength component differences have the optimum 50% duty cycle 
and are substantially orthogonal. 

In cross-modulation fluorescence excitation/emission analysis, it is 
important to be able to lock the phase of the modulation functions used for the 
excitation beam to the phase of the modulation functions used for the emission 

1 5 beam. Still better, is the ability to control the relative phase between the modulation 
functions used for the excitation beam to the phase of the modulation functions used 
for the emission beam. Another aspect of the invention is directed to the 
recognition that, by placing the appropriate dispersion radiation filters on one side 
of the disc for encoding the excitation beam and the appropriate filters for emission 

20 analysis on the other side of the disc, where the filters on both sides of the disc are 
spatially correlated, the modulation functions for the excitation and emission 
modulation processes can be phase-locked and the relative phase controlled in a 
very simple manner. 

Fig. 10A is a schematic view of a cross-modulation fluorescence 

25 excitation/emission analyzer 100. An excitation beam 102 from excitation source 
104 is reflected by folding mirror 34 and reflected and focused by grating 36 as 
before towards the filters suitable for encoding the excitation beam on the top side 
of the modulator 106. After being modulated, the encoded excitation beam is 
reflected by the modulator 106 back towards the grating 36 which focuses the 

30 encoded excitation beam 1 08 towards a fluorescent sample 1 10 after reflection by 
mirror 34. The fluorescent beam 1 12 emitted by the sample in response to the 
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encoded excitation beam is reflected by mirror 34' toward a second grating 36' 
which disperses and focuses the beam towards dispersed radiation filters adapted 
for fluorescence encoding present on the bottom side of modulator disc 106. After 
being modulated, the encoded fluorescent beam 118 is reflected, collected and 

5 focused by grating 36' towards a detector 120 after reflection by mirror 34'. As 
indicated in Fig. 10A, the fluorescent sample 1 10 is in the plane of the page or 
paper, the excitation source 104 is displaced into the page and the fluorescence 
detector 120 is displaced out of the page. The side view of analyzer 100 along the 
arrows 10B-10B in Fig. 10A is illustrated in Fig. 10B. As before, a computer 28 

10 (not shown) connected to detector 120 is used to analyze a time-based signal 
generated by the detector. The patterns on the top side of disc 106 for encoding the 
excitation beam may have a pattern that is a digitized replica of sin 2 (m6+pn:/4) and 
that for encoding the emission beam is a digitized replica of sin 2 (n0+q-rc/4) where 
m, n, p, q are positive integers. Computer 28 may then analyze the detector output 

15 to determine the amplitude of sum and difference frequency terms resulting from 
phase-locked cross-modulation according to the general trigonometric relation: 

(14) 

sin 2 (M8 +7C/4) *sin 2 («6 +gn:/4) =(1/8 */{cos[2(m +rt)Q +(p +q)TZ/2] +cos[2(« -k)0 +(p -qn/2]} 

In order to permit phase locking of the modulation functions of the filters 
on the top and bottom sides of disc 106, timing marks are provided that can be used 

20 for both sides of the disc. This is illustrated more clearly in Figs. 2, 5, 6, 9, 13B, 14. 
As shown in all such figures, timing marks 150 at regular angular intervals in 
reference to axis 40 are provided on a circle near the circumference of the disc 22a, 
22b, 22c, 22ModDiff, 22fluoro, and 22dwdm and a timing mark 152 is provided at 
a non-regular angular interval or position to mark the zeroth degree rotation angle. 

25 As shown in Fig. 1A, the radiation sources 154a and 154b provide beams 

towards the location of time marks 150 and 152, respectively of the discs 22a, 22b, 
22c, 22ModDiff, 22fluoro, and 22dwdm and photodetectors 156a and 156b on the 
other side of the disc is positioned to detect the radiation beam provided by source 
154a and 154b, respectively. In the preferred embodiment, the substrate is 
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transmissive to the timing beam and timing marks obstruct the timing beam. 
Alternately, the substrate is opaque to the timing signal and timing marks are milled 
or etched through substrate or the timing marks are reflective; and the sources 1 54a, 
154b and 154c and the photodetectors 156a, 156b and 156c are preferably located 
5 on the same side of the modulator. Therefore, the output of photodetector 1 56b may 
supply through a connection to computer 28 to mark the zero rotational angle mark 
152 and 156a may supply through a connection to also mark the instances of the 
passage of each of the timing marks 150. Such instances may be utilized by 
computer 28 for taking the M samples when the disc is rotated from 0 to 360E. In 

10 addition, a third timing-beam/photodetector combination, 154c and 156c, can be 
employed to measure the error in the absolute position of the dispersed radiation 
filters with respect to the axis of rotation. This positional error can arise from 
manufacturing process of the modulator (e.g., the pattern is printed off center, 
resulting in a purely periodic error), from the wobble of the spindle (resulting in a 

15 dynamic, periodic or non-periodic error), or from the thermal expansion of the 
modulator (resulting in a static radial error). Preferably, the timing- 
beam/photodetector combination used for quantifying positional error is positioned 
such that the timing marks obscure roughly half of the timing beam. The amplitude 
of the photodetector signal, which is a measure of the displacement of the 

20 modulator pattern with respect to the timing beam, is used as input to the 
application specific analytical function 400d to compensate for the effects of the 
error in the absolute position of the dispersed radiation filters with respect to the 
axis of rotation. 

The above-described scheme for cross-modulation of excitation and 
25 emission can also be applied to cross-modulation of excitation and scattering. For 
this purpose, the fluorescent sample 1 10 is replaced by a sample that scatters the 
excitation beam. The scattered beam is then encoded and measured in the same 
manner as the emission beam described above. The above scheme using the timing 
marks 150, 152, sources 154a and 154b, and photodetectors 156a and 156b may 
30 also be used for controlling the timing of the taking of samples in other 
embodiments of this invention. 
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In reference to Figs. 10A, 10B, the same timing marks and radiation 
source/photodetector system (not shown) described above may be employed in 
analyzer 100 for performing the encoding of the excitation beam and of the 
emission/scattered beam by reference to the same timing marks on the same disc. 
5 Fig. 1 1 A is a schematic view of a spectrum analyzer where the position of 

a folding mirror may be controlled to compensate for alignment and other errors in 
the system. Thus as shown in Fig. 1 1 A, where the folding mirror is in position 
34(1), the input beam 202 is not properly focused onto the modulator 22. For this 
purpose, the folding mirror 34 is connected to a translation-rotation stage controlled 

10 by a controller for moving the folding mirror to position 34(2), so that input beam 
202' is properly focused onto the modulator 22. Fig. 1 IB is a schematic view of an 
analyzer with the translation stage and the feedback mechanism used for controlling 
the position of the folding mirror to dynamically align the system. The folding 
mirror is mounted on a stage which facilitates translations along the x axis and 

15 rotations about the y axis. The background dielectric spectra for various 
configurations of the folding mirror has been previously analyzed and recorded into 
software. The real-time background dielectric spectrum is compared with the stored 
spectra to gauge the misalignment of the dispersed image on the modulator. This 
information is transformed into a command set which is sent to the translation stage 

20 to reposition the folding mirror. The process is repeated as necessary for a given 
application. In reference to Figs. 1 A, 10B, the output of the detector 26 is sampled 
and then demodulated by decoding algorithm 400a, compared to background 
dielectric spectrum 400b by comparitor 400c, and then analyzed by analyzer 400c. 
Hardware driver 401 positions the folding mirror 34 in response to instructions from 

25 computer 28. Fig. 1 IB also shows a dedicated radiation source 1 54c and an analog 
detector 1 56c which is partially interrupted by the timing marks 1 50 to detect platter 
wobble or a misaligned pattern on the modulator. The amplitude of the modulated 
signal generated by the analog detector 156c in response to the rotation of 
modulator 22 is used as input to the hardware driver 401 to control the position of 

30 34 to keep the diffracted image 52 centered on the modulator pattern. 
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Fig. 12A is a schematic view illustrating an instrument for making the 
spatial radiation modulators 22, such as modulators 22a-22c described above. For 
this purpose, a curing/ablation laser 250 is used. A photoresist 252 is placed on top 
of a gold coated substrate. The photoresist and the substrate are both rotated and 
5 the signal supplied to the laser is controlled in accordance with a predetermined 
laser intensity data shown in Fig. 12B. After the photoresist has been so exposed, 
the gold coated substrate may be processed in a conventional manner to form the 
patterns of alternating high and low reflectance and/or transmissivity on the gold 
coated substrate to form the spatial radiation modulators. 
10 Fig. 13A is a schematic view of a second type of fluorescence 

excitation/emission analyzer 300. In this example, two distinct excitation sources, 
Nexa and Nexb, are independently directed toward the sample along optical paths 
Npatha and Npathb, respectively. The excitation sources may be gas lasers, glass 
lasers, laser diodes, light-emitting diodes, optical fibers, or lamp/filter 
1 5 combinations. Both Npatha and Npathb include transmission (or, in the alternative, 
reflection) through modulator 22fluoro at different radii, Rexa and Rexb, 
respectively. As shown in Fig. 13B, a series of staggered optical gates centered at 
Rexa and Rexb alternately permit the transmission of radiation from either Nexa or 
Nexb, respectively, such that radiation from only one of the excitation sources is 
20 incident on the sample Nsamp at any given time. The radiation 112 emitted, 
transmitted or scattered by the sample in response to the alternating excitation 
beams is reflected by mirror 34 toward a focusing grating 36 which disperses and 
focuses the beam towards dispersed radiation filters Ni, Nj, Nk and Nl on modulator 
22fluoro adapted for fluorescence where the encoding is achieved by spatially 
25 varying the transmission properties of the modulator. The two-dimensional spatial 
modulator positioned in the plane modulates amplitudes of the wavelength 
components emitted, scattered or transmitted by the sample in response to Nexa or 
Nexb to encode each component, such that the amplitude of each encoded 
component is a function of time. The encoded fluorescent beam 1 12' is collected 
30 by lens Nlens and directed towards detector Ndet. The time-based signal generated 
by the detector is separated into two sub-signals in a staggered repeating pattern 
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such that each staggered sub-signal corresponds to the emitted or scattered radiation 
resulting from either Nexa or Nexb. The sub-signals are then independently 
analyzed to yield the amplitudes of the wavelength components of the emitted or 
scattered beam of radiation as a function of the excitation sources. Preferably, the 
5 binary amplitude modulation of the two excitation sources is synchronized with the 
modulation of the emitted or scattered radiation. More preferably, the binary 
amplitude modulation of the two excitation sources is performed by the same two- 
dimensional spatial modulator which modulates amplitudes of the wavelength 
components of the emitted or scattered radiation. Most preferably, the binary 

10 amplitude modulation of the two excitation sources is performed by two annular 
regions comprised of a series of gates having the same resolution as the timing 
marks, where every other gate is open. The phase of the open gates in the two 
annular regions are staggered such that only one gate is open at a time. The gates 
may simply be transmissive areas in an opaque substrate. The number of excitation 

15 sources and dispersed light filters was chosen for clarity, it being understood that 
arbitrary numbers of excitation sources and dispersed radiation filters are within the 
scope of the invention. The transmission mode of modulator 22fluoro was chosen 
for clarity, it being understood that a similar device with a reflective modulator is 
within the scope of the invention. 

20 The arrangement in Figs. 13 A, 13B permits the emitted or scattered 

radiation or sample to be detected substantially simultaneously by means of two or 
more different excitation sources. This may be advantageous where radiation from 
either one of the two sources causes a change in the sample, so that where the 
sample is measured completely using one source and then measured using the other 

25 source in a sequence, the results of the measurements may differ depending on 
which source is first used in the sequential measurements. In such event, the 
arrangement of Figs. 13 A, 13B may be useful. 

Each of the modulation functions of 22fluoro used to encode the emitted, 
transmitted or scattered radiation preferably has three or more distinct levels of 

30 contrast. The encoded beam is collected and directed towards a detector. 
Preferably, at least two of the modulation functions for encoding two corresponding 
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wavelength components have the optimum 50% duty cycle and are substantially 
orthogonal, so that the amplitudes of the two encoded components present in the 
total detector signal may be distinguished from each other without solving a system 
of simultaneous equations. 

5 

In Fig. 14 is a top view of another embodiment 22DWDM of the spatial 
radiation modulator of Fig. 1A, which is used as in a method for providing feedback 
to simultaneously control the center wavelengths of a number of tunable radiation 
sources. Spatial radiation modulator 22DWDM is comprised of two pairs of 

1 0 dispersed radiation filters, a first pair Ne, Nf and a second pair Ng, Nh. The filters 
in each pair are out of phase in a manner similar to filters Na, Nb described above 
in reference to Fig. 9 such that the signal resulting from either filter pair can be 
nulled, or made to vanish, by balancing the intensity of the light which is incident 
on the two filters. Preferably, one or more of the filter pairs has a modulation 

1 5 function that encodes the amplitude of the corresponding component difference so 
that the encoded component difference has three or more distinct levels of contrast 
over time when the modulator is rotated about the axis. Modulation functions of the 
type described above are suitable. More preferably, the modulation function of each 
of the filters in the two pairs of filters for modulating two different wavelength 

20 component differences is a smooth function or a digitized replica thereof, obtained 
by rounding up or rounding down to a finite number of levels of contrast, has the 
optimum 50% duty cycle, and the functions of the filter pairs in each pair are 
substantially orthogonal to each other. 

The filter pairs are arranged on the surface of the modulator such that, when 

25 the tunable radiation sources are in the preferred configuration, there is no signal 
from any of the filter pairs. Any deviation of a given tunable source from the 
preferred configuration results in a signal in which the sign and amplitude of the 
decoded signal indicates the direction and magnitude of the displacement of the 
center wavelength, respectively. In such manner, the decoded signal can be used 

30 as a feedback mechanism to preserve the tunable sources in the optimum 
configuration. Thus, where temperature or other environmental changes cause the 
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center wavelength to drift, the decoded signal may be used for tuning the tunable 
radiation source in order to maintain a stable and constant center wavelength, such 
as by changing the temperature of the source. 

Fig. 15 A is a schematic view of another embodiment of the invention used 
5 as an image analyzer for analyzing the spatial properties of an extended source of 
radiation, comprises an extended source 24' providing radiation. Source 24' is not 
a point source so that the radiation provided by different parts (e.g. SI, S2 shown 
in Fig. 15B) of the source comprises a plurality of spatial components which are 
spatially separated from one another. Radiation from the source 24' is collected 

10 such that the image of the source is preserved and focused along a first spatial axis 
with an image-preserving focusing element Ma to form a one-dimensional spatial 
image onto a plane. A two-dimensional spatial modulator 22 positioned in the 
plane modulates amplitudes of the spatial components to encode each component, 
such that the amplitude of each encoded component is a function of time. Each of 

15 the functions has three or more distinct levels of contrast. Preferably, at least two 
of the modulation functions for encoding two corresponding spatial components 
have the optimum 50% duty cycle, and preferably are substantially orthogonal to 
each other, so that the amplitudes of the two encoded components present in the 
total detector signal may be distinguished from each other without solving a system 

20 of simultaneous equations. The spatially encoded beam is collected by a second 
optical element Ma' and focused onto detector 26 and a time-based signal generated 
by the detector is analyzed by computer 28 which includes and application-specific 
algorithm 400e for interpreting spatial information. 

Fig. 15B shows a top-down view of the image analyzer. The source 24 ' is 

25 depicted to have two spatial components from portions SI and S2 of the source 24'. 
Radiation emitted by SI and S2 is collected and focused onto the radial axis of 
modulator 22 using image-preserving focusing element Ma to form two images 
SI 'and S2' respectively. Modulator 22 includes a number of spatial radiation filters 
(not shown but similar to those described above) which encode the reflected 

30 intensity from SI and S2. The spatially encoded beam is collected by a second 
optical element Ma' and focused onto detector 26. Preferably, Ma, Ma" would be 
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designed such that images SI " and S2" overlap at the detector plane 26. An extra 
lens Lensb may be used for this purpose, if necessary. Fig. 15C shows a side view 
of the image analyzer to illustrate the radial separation of images SI and S2 along 
the radial axis of modulator 22. Where modulator have filters with modulation 
5 functions of the form sin 2 (m8+p7T:/4), the output from mirror Ma' is spatially 
encoded by the same function. 

Where one or more of the spatial components of an extended source has 
different wavelength components, the image analyzer described above can be 
combined with the spectrum analyzer shown in Fig. 1 A using a geometry similar to 

10 that depicted in Figs. 10A, 10B to facilitate simultaneous spectral-image analysis. 
In this embodiment, the detector 26 shown in Fig. 15A would be replaced with the 
aperture 32 of Fig. 1A, so that the spatially-encoded radiation sin 2 (m0+pTT:/4) 
exiting the aperture would then be collected, dispersed and focused onto a second 
modulator to encode the beam with spectral information using modulation functions 

1 5 of the form sm 2 (n0+qn;/4) in a manner similar to that described above for analyzing 
radiation from source 24 through aperture 32 in Fig. 1 A. The spatially-encoded and 
spectrally-encoded radiation would then be collected and focused onto detector 26. 
The signal generated by detector 26 would then be analyzed by computer 28 to 
determine the sum and difference frequency components (m±n) resulting from 

20 phase-locked cross modulation according to the general trigonometric relation in 
equation (14) above. 

In the various embodiments described above, the two-dimensional spatial 
radiation modulator is rotated by means of a motor device or motorized platter 42. 
Preferably, the motor device or motorized platter 42 includes a precision spindle 

25 (not shown) which is coaxial with the rotation axis 40, a motor (not shown) and a 
belt (not shown) connecting the motor and the spindle, so that the motor may be 
replaced when it is worn out without affecting the alignment of the systems of this 
application. 

Where the modulator 22 of Fig. 1 A and the modulators of the various other 
30 embodiments in the other figures are designed to be rotated about axis 40 during the 
spectrum analysis, the filters on the modulators occupy annular regions of the disk 
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as shown in the various figures of this application. This invention, however, is not 
limited to such implementation. Instead of annular regions, the filters, such as 
filters 50a, 50d may form four linear rows on the surface of the modulator, and the 
modulator may be reciprocated linearly along a direction substantially parallel to 
5 the rows of filters. The elongated image 52 is then projected in a direction with its 
length transverse (preferably perpendicular) to the direction of the rows of filters so 
that the image overlaps preferably all four rows of the filters. Such and other 
variations are within the scope of the invention. 

While the invention has been described above by reference to various 

1 0 embodiments, it will be understood that different changes and modifications may 
be made without departing from the scope of the invention which is to be defined 
only by the appended claims and their equivalents. Thus, instead of using the 
specific optical elements as described, including the specific placement of a sample 
cell in the beam path, other optical elements may be used to collect, diffract, image 

1 5 and focus the radiation. 
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WHAT IS CLAIMED IS : 

1 . A radiation spectrum analyzer comprising: 
at least one source providing radiation having at least one selected 
5 spectral component, said spectral component having an intensity, a center 
wavelength and a bandwidth; 

first optics collecting, dispersing and focusing said radiation to form 
an image dispersed by wavelength along a dispersion axis onto a plane; 

a two dimensional spatial radiation modulator rotated about a 
1 0 rotation axis and positioned in said plane so that said dispersion axis is substantially 
along a radial axis, said modulator having at least one radiation filter at a radius 
from said rotation axis, said filter having a radial width substantially defining the 
bandwidth of a corresponding spectral component of said radiation, said filter 
modulating the intensity of said corresponding spectral component substantially 
1 5 independent of said bandwidth to provide an encoded beam comprising at least one 
encoded component, wherein the amplitude of said encoded component changes 
between three or more substantially distinct levels of contrast as said modulator is 
rotated about said rotation axis; 
a detector; 

20 second optics collecting and directing said encoded beam onto said 

detector, causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response 
to said encoded beam. 

25 2. The analyzer of claim 1 , wherein said computer computes the 

amplitude of at least one encoded component from the signals generated by said 
detector in response to the encoded beam. 

3. The analyzer of claim 1, wherein at least one of said filters 
30 has a modulation function substantially along an azimuthal axis as said modulator 
is rotated about said rotation axis. 
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4. The analyzer of claim 3, wherein at least two of said filters 
having substantially orthogonal modulation functions along an azimuthal axis. 

5. The analyzer of claim 3, wherein at least two of said filters 
5 having substantially complementary modulation functions along their 

corresponding azimuthal axes so that the amplitude of the resulting encoded 
component is determined by the relative proportion of said radiation incident on the 
two filters. 

10 6. The analyzer of claim 3, wherein said modulation function 

is a di gitized replica of a substantially smooth function, said digitized replica having 
three or more substantially distinct levels of contrast. 

7. The analyzer of claim 6, wherein at least one of said filters 
15 modulates the intensity of a spectral component substantially according to said 

digitized replica of a function of the form sin 2 (m*6+ pic/4), where 8 is the rotation 
angle of said modulator about the axis, and m and p are integers. 

8. The analyzer of claim 7, wherein at least one of said filters 
20 modulates the intensity of a first spectral component substantially according to said 

digitized replica of the function sin 2 (m*9+ Pjic/4), and another one of said filters 
modulates the intensity of a second spectral component substantially according to 
said digitized replica of the function sin 2 (m*8+ p 2 rc/4), where p,-p 2 is an even 
integer, said computer analyzes said signals to determine the difference between the 
25 modulated amplitudes of the first and second spectral components. 

9. The analyzer of claim 7, wherein at least one of said filters 
modulates the intensity of a first spectral component substantially according to said 
digitized replica of the function sin 2 (m*6+ p l 7c/4), and another one of said filters 

30 modulates the intensity of a second spectral component substantially according to 
said digitized replica of the function sin 2 (m*8+ p 2 7r/4), where prp 2 is an odd 
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integer, said computer analyzes said signals to determine the modulated amplitudes 
of the first and second spectral components. 

10. The analyzer of claim 7, wherein at least two of said filters 
5 collectively modulates the intensities of at least two different spectral components 
substantially according to digitized replicas of the function sin 2 (m*6+ pjit/4), said 
computer analyzes said signals to determine the collective modulated amplitudes 
of the first and second spectral components. 

10 11. The analyzer of claim 1, said second optics including a 

diffraction grating to correct aberrations. 

12 The analyzer of claim 1, said second optics including a 
conical section to correct aberrations. 

15 

1 3 . The analyzer of claim 1 , said first or second optics including 
at least one folding mirror projecting said dispersed image onto said modulator or 
collecting said encoded beam from said modulator. 

20 14. The analyzer of claim 13, further comprising a moveable 

stage to position said folding mirror. 

15. The analyzer of claim 14, further comprising control 
algorithms and actuators to move the stage to position said folding mirror. 

25 

1 6. The analyzer of claim 15, said control algorithms analyzing 
at least two of said encoded components to provide a background spectrum, and 
controlling said actuators to position said mirror in response to said background 
spectrum. 

30 
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17. A two dimensional spatial radiation modulator adapted to be 
rotated about a rotation axis to modulate at least one component of an incident 
radiation beam to encode said beam, said modulator comprising a substrate and at 
least one radiation filter located at a radius from said rotation axis, said filter 

5 comprising an annular region substantially encompassing a plurality of pixels 
having optical characteristics substantially different from said substrate, said pixels 
being patterned substantially within said annular region to modulate the intensity 
of a corresponding component substantially only along an azimuthal axis to provide 
an encoded component, wherein the amplitude of said encoded component changes 

10 between three or more substantially distinct levels of contrast as the substrate is 
rotated about said rotation axis. 

1 8. The modulator of claim 1 7, wherein at least one of said filters 
has a modulation function substantially along an azimuthal axis as said modulator 

15 is rotated about said rotation axis. 

1 9. The modulator of claim 1 8, wherein at least two of said filters 
have substantially orthogonal modulation functions along their corresponding 
azimuthal axes. 

20 

20. The modulator of claim 1 8, wherein at least two of said filters 
having substantially complementary modulation functions along their 
corresponding azimuthal axes so that the amplitude of the resulting encoded 
component is determined by the relative proportion of radiation from said beam 

25 incident on the two filters. 

21. The modulator of claim 18, wherein said modulation 
functions are digitized replicas of substantially smooth functions, said digitized 
replicas having three or more substantially distinct levels of contrast. 

30 
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22. The modulator of claim 2 1 , wherein at least one of said filters 
modulates the intensity of a component substantially according to said digitized 
replica of the function sin z (m*0+ p7c/4), where 0 is the rotation angle of said 
modulator, and m and p are integers. 

5 

23 . The modulator of claim 22, wherein at least one of said filters 
modulates the intensity of a first component substantially according to said digitized 
replica of the function sin 2 (m*0+ piic/4), and another one of said filters modulates 
the intensity of a second component substantially according to said digitized replica 

10 of the function sin 2 (m*0+ p 2 rc/4), where p r p 2 is an even integer. 

24. The modulator of claim 22, wherein at least one of said filters 
modulates the intensity of a first component substantially according to said digitized 
replica of the function sin 2 (m*0+ pjit/4), and another one of said filters modulates 

1 5 the intensity of a second component substantially according to said digitized replica 
of the function sin 2 (m*0+ p 2 it/4), where P1-P2 * s 311 ot *d integer. 

25. The modulator of claim 22, wherein at least two of said filters 
collectively modulates the intensities of at least two different components 

20 substantially according to digitized replicas of the function sin 2 (m*0+ Piit/4). 

26. A method for analyzing a radiation spectrum, comprising: 
providing radiation having at least one selected spectral component, 

said component having an intensity, a center wavelength and bandwidth; 
25 collecting, dispersing and focusing said radiation to form an image 

dispersed by wavelength along a dispersion axis onto a plane; 

positioning a two dimensional spatial radiation modulator in said 

plane and rotating said modulator about a rotation axis so that said dispersion axis 

is substantially along a radial axis, said modulator having at least one radiation filter 
30 at a radius from said rotation axis, said filter having a radial width substantially 

defining the bandwidth of a corresponding spectral component of said radiation, 
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said filter modulating the intensity of said corresponding spectral component 
substantially independent of said bandwidth to provide an encoded beam 
comprising at least one encoded component, wherein the amplitude of said encoded 
component changes between three or more substantially distinct levels of contrast 
5 as said modulator is rotated about said rotation axis; 

collecting and directing said encoded beam onto a detector; and 
analyzing signals generated by said detector in response to said 

encoded beam. 

10 27. The method of claim 26, wherein said analyzmg determines 

the amplitude of at least one encoded component. 

28 . The method of claim 26, wherein said collecting, dispersing 
and focusing or collecting and directing includes projecting said dispersed image 

1 5 onto or collecting said encoded beam from the modulator using at least one folding 
niirror. 

29. The method of claim 28, further comprising positioning said 
folding mirror by a moveable stage to adjust focus and location of said dispersed 

20 image onto said modulator or said encoded beam onto said detector. 

30. The method of claim 29, further comprising analyzing at least 
two of said encoded components to provide abackground spectrum, and controlling 
said actuators to position said niirror in response to said background spectrum 

25 

3 1 . The method of claim 26, wherein said spectral components 
are modulated as digitized replicas of substantially smooth functions, said digitized 
replicas having three or more substantially distinct levels of contrast. 

30 32. The method of claim 31, wherein at least one of said filters 

modulates the intensity of a spectral component substantially according to said 
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digitized replica of the function sin 2 (m*8+ p7c/4), where 6 is the rotation angle of 
said modulator, m and p are integers. 

33 . The method of claim 32, wherein at least one of said filters 
5 modulates the intensity of a first spectral component substantially according to said 
digitized replica of the function sin 2 (m*0+ p^/4), and another one of said filters 
modulates the intensity of a second spectral component substantially according to 
said digitized replica of the function sin 2 (m*6+ p 2 7t/4), where p,-p 2 is an even 
integer, said analyzing determines the difference between the modulated amplitudes 
10 of the first and second spectral components. 



34. The method of claim 32, wherein at least one of said filters 
modulates the intensity of a first spectral component substantially according to said 
digitized replica of the function sin 2 (m*6+ Pi7t/4), and another one of said filters 
1 5 modulates the intensity of a second spectral component substantially according to 
said digitized replica of the function sin 2 (m*0+ p 2 ic/4), where p,-p 2 is an odd 
integer, said analyzing detemiines the modulated amplitudes of the first and second 
spectral components. 



20 35. The method of claim 32, wherein at least two of said filters 

collectively modulates the intensities of at least two different spectral components 
substantially according to two different digitized replicas of the function sin 2 (m*6+ 
p^/4), said analyzing determines the collective modulated amplitudes of the first 
and second spectral components. 

25 

36. A spectrum analyzer for analyzing a sample, comprising: 
at least one source to provide an excitation beam of radiation 

comprising at least one excitation spectral component, said excitation component 

having an intensity, a center wavelength and a bandwidth; 
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first optics collecting, dispersing and focusing said excitation 
beam to form an excitation image dispersed by wavelength along a first 
dispersion axis onto a first plane; 

a first two dimensional spatial radiation modulator rotated about a 
5 first rotation axis and positioned in said first plane so that said first dispersion 
axis is substantially along a radial axis, said first modulator having at least one 
radiation filter at a radius from said first rotation axis, said filter modulating the 
intensity of a corresponding excitation component to provide an encoded 
excitation beam comprising at least one encoded excitation component, wherein 
10 the amplitude of said encoded excitation component is a substantially smooth 
function or changes between three or more substantially distinct levels of 
contrast as said first modulator is rotated about said first rotation axis; 

second optics collecting, dispersing and focusing said encoded 
excitation beam onto a sample; 
15 third optics collecting, dispersing and focusing a response beam 

of radiation from said sample to form a second image dispersed by wavelength 
along a second dispersion axis onto a second plane, said response beam 
comprising at least one response spectral component emitted or scattered in 
response to said encoded excitation beam, said response component having an 
20 intensity, a center wavelength and a bandwidth; 

a second two dimensional spatial radiation modulator rotated 
about a second rotation axis and positioned in said second plane so that said 
second dispersion axis is substantially along a radial axis, said second modulator 
having at least one radiation filter at a radius from said second rotation axis, said 
25 filter modulating the intensity of a corresponding response component to provide 
an encoded response beam comprising at least one encoded response component, 
wherein the amplitude of said encoded response component is a substantially 
smooth function or changes between three or more substantially distinct levels of 
contrast as said second modulator is rotated about said second rotation axis; 
30 a detector, 



AMENDED SHEET 



14-08-2000 A a US 009914446 



45 

fourth optics collecting, dispersing and focusing said encoded 
response beam onto said detector, and 

computer analyzing signals generated by said detector in response 
to said encoded response beam. 

5 

37. The spectrum analyzer of claim 36, wherein at least one of 
said encoded excitation components is modulated substantially according to a 
function of the form sin 2 (m9-l-p7t/4), and wherein at least one of said encoded 
response components is modulated substantially according to a function of the form 

10 sin 2 (n6+q7t/4), where m, n, p, q are integers. 

38. The spectrum analyzer of claim 37, wherein said computer 
computes the amplitude of at least one sum or difference frequency component 
resulting from the cross modulation of the excitation beam and the response beam. 

15 

39. The spectrum analyzer of claim 36, wherein the excitation 
beam and the response beam are encoded with the same spatial radiation modulator 
to provide a phase-locked cross modulation of the excitation beam and the response 
beam. 

20 

40. The spectrum analyzer of claim 39, wherein the modulator 
is a differentially transmissive or reflective disc which is patterned on a first surface 
to encode the excitation beam and patterned on a second surface to encode the 
response beam. 

25 

41 . A method for analyzing a response beam of radiation from 
a sample resulting from an excitation beam of radiation, comprising: 

providing an excitation beam of radiation comprising at least one 
excitation spectral component, said excitation component having an intensity, a 
3 0 center wavelength and bandwidth; 
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collecting, dispersing and focusing said excitation beam to form 



an excitation image dispersed by wavelength along a first dispersion axis onto a 
first plane; 



5 said first plane and rotating said first modulator about a first rotation axis so that 
said first dispersion axis is substantially along a radial axis, said first modulator 
having at least one radiation filter at a radius from said first rotation axis, said 
filter modulating the intensity of a corresponding excitation spectral component 
to provide an encoded excitation beam comprising at least one encoded 
1 0 excitation component, wherein the amplitude of said encoded excitation 

component is a substantially smooth function or changes between three or more 
substantially distinct levels of contrast as said first modulator is rotated about 
said first rotation axis; 



least one response spectral components emitted or scattered in response to said 
20 encoded excitation beam, said response component having an intensity, a center 
wavelength and a bandwidth; 



said second plane and rotating said second modulator about a second rotation axis 
so that said second dispersion axis is substantially along a radial axis, said second 

25 modulator having at least one radiation filter at a radius from said second rotation 
axis, said filter modulating the intensity of a corresponding response component to 
provide encoded response beam comprising at least one encoded response 
component, wherein the amplitude of said encoded response component is a 
substantially smooth function or changes between three or more substantially 

30 distinct levels of contrast as said second modulator is rotated about said second 
rotation axis; 



positioning a first two dimensional spatial radiation modulator in 




positioning a second two dimensional spatial radiationmodulator in 
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collecting, dispersing and focusing said encoded response beam onto 

a detector, and 

analyzing signals generated by said detector in response to said 
encoded response beam. 

5 

42. The method of claim 41 , wherein at least one of said encoded 
excitation components is modulated substantially according to a function of the 
form sin 2 (m6+p7c/4), and wherein at least one of said encoded response components 
is modulated substantially according to a function of the form sin 2 (n8+q7i/4), where 

10 m, n, p, q are integers. 

43. The method of claim 42, wherein said analyzing determines 
the amplitude of at least one sum or difference frequency component resulting from 
the cross modulation of the excitation beam and the response beam. 

15 

44. Themethod of claim 41 , wherein the excitation beam and the 
response beam are encoded with the same spatial radiation modulator to provide a 
phase-locked cross modulation of the excitation beam and the response beam. 

20 45. The method of claim 44, wherein the modulator is a 

differentially transmissive or reflective disc which is patterned on a first surface to 
encode the excitation beam and patterned on a second surface to encode the 
response beam. 

25 46. A radiation spectrum analyzer comprising: 

at least one source providing radiation having at least one selected 
spectral component, said spectral component having an intensity, a center 
wavelength and a bandwidth; 

first optics collecting, dispersing and focusing saidradiation to form 
30 an image dispersed by wavelength along a dispersion axis onto a plane; 
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a two dimensional spatial radiation modulator rotated about a 
rotation axis and positioned in said plane so that said dispersion axis is substantially 
along a radial axis, said modulator having at least one radiation filter at a radius 
from said rotation axis, said filter having a radial width substantially defining the 

5 bandwidth of a corresponding spectral component of said radiation, said filter 
modulating the intensity of said corresponding spectral component substantially 
independent of said b andwidth to provide an encoded beam comprising at least one 
encoded component, wherein the amplitude of said encoded component is 
modulated as a substantially smooth function of the rotation angle of the modulator 

1 0 about said rotation axis; 

a detector; 

second optics collecting and directing said encoded beam onto said 
detector, causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response 
15 to said encoded beam. 

47. The analyzer of claim 46, wherein said computer analyzes 
said signals to determine the amplitude of at least one encoded component. 

20 48 . The analyzer of claim 46, wherein at least one of said filters 

has a modulation function substantially along an azimuthal axis as said modulator 
is rotated about said rotation axis. 

49. The analyzer of claim 48, wherein at least one of said filters 
25 modulates the intensity of a spectral component substantially according to the 

function sin 2 (m*8+ pTt/4), where 8 is the rotation angle of said modulator, m and 
p are integers. 

50. The analyzer of claim 49, wherein at least one of said filters 
30 modulates the intensity of a first spectral component substantially according to the 

function sin 2 (rn*0+ p 3 ^/4), and another one of said filters modulates the intensity 
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of a second spectral component substantially according to the function sin 2 (m*8+ 
p 2 it/4), where pj-p 2 is an even integer, said computer analyzes said signals to 
determine the difference between the modulated amplitudes of the first and second 
spectral components. 

5 

5 1 . The analyzer of claim 49, wherein at least one of said filters 
modulates the intensity of a first spectral component substantially according to the 
function sin z (m*6+ p,rc/4), and another one of said filters modulates the intensity 
of a second spectral component substantially according to the function sin 2 (m*8+ 

10 p 2 ^4), where p r p 2 is an odd integer, said computer analyzes said signals to 
determine the modulated amplitudes of the first and second spectral components. 

52. The analyzer of claim 49, wherein at least two of said filters 
collectively modulates the intensities of at least two different spectral components 

1 5 substantially according to the function sin 2 (m*8+ PjTi/4), said computer analyzes 
said signals to determine the collective modulated amplitudes of the first and second 
spectral components. 

53. A two dimensional spatial radiation modulator adapted to be 
20 rotated about a rotation axis to modulate at least one component of an incident 

radiation beam to encode said beam, said modulator comprising a substrate and at 
least one radiation filter located at a radius from said rotation axis and having radial 
width, said filter having substantially continuously variable optical characteristics 
along an azimuthal axis, said optical characteristics being continuously varied to 
25 modulate the intensity of said component as a substantially smooth function of a 
rotation angle of the modulator about said rotation axis. 

54. The modulator of claim 53, wherein at least one of said filters 
modulates the intensity of a component substantially according to the function 

30 sin 2 (m*8+ prc/4), where 8 is the rotation angle of said modulator, and m and p are 
integers. 
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55 . The modulator of claim 54, wherein at least one of said filters 
modulates the intensity of a first component substantially according to the function 
sin 2 (m*9+piTr/4), and another one of said filters modulates the intensity of a second 
component substantially according to the function sin 2 (m*6-i- p 2 7c/4), where p r p 2 

5 is an even integer. 

56. The modulator of claim 54, wherein at least one of said filters 
modulates the intensity of a first component substantially according to the function 
sin 2 (m*8+ p^/4), and another one of said filters modulates the intensity of a second 

10 component substantially according to the function sin 2 (m*0+ p 2 ^/4), where p,-p 2 
is an odd integer. 

57. The modulator of claim 54, wherein at least two of saidfilters 
collectively modulates the intensities of at least two different components 

1 5 substantially according to the function sin 2 (m*0+ prc/4). 

58. A method for analyzing a radiation spectrum, comprising: 
providing radiation having at least one selected spectral component, 

said spectral component having an intensity, a center wavelength and a bandwidth; 
20 collecting, dispersing and focusing said radiation to form an image 

dispersed by wavelength along a dispersion axis onto a plane; 

positioning a two dimensional spatial radiation modulator in said 
plane and rotating said modulator about a rotation axis so that said dispersion axis 
is substantially along aradial axis, said modulator having at least one radiation filter 
25 at a radius from said rotation axis, said filter having a radial width substantially 
defining the bandwidth of a corresponding spectral component of said radiation, 
said filter modulating the intensity of said corresponding spectral component 
substantially independent of said bandwidth to provide an encoded beam 
comprising at least one encoded component, wherein the amplitude of said encoded 
30 component is modulated as a substantially smooth function of the rotation angle of 
the modulator about said rotation axis; 
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collecting and directing said encoded beam onto said detector; and 
analyzing signals generated by said detector in response to the 



encoded beam. 



5 



59. The method of claim 58, wherein said analyzing determines 
the amplitude of at least one encoded component. 



60. The method of claim 58, wherein at least one of said filters 



has a modulation function substantially along an azimuthal axis as said modulator 
10 is rotated about said rotation axis. 

61. The method of claim 60, wherein at least one of said filters 
modulates the intensity of a spectral component substantially according to the 
function sin 2 (m*8+ pit/4), where 8 is the rotation angle of said modulator, and m 

15 and p are integers. 

62. The method of claim 6 1 , wherein at least one of said filters 
modulates the intensity of a first spectral component substantially according to the 
function sin 2 (m*8+ p^/4), and another one of said filters modulates the intensity 

20 of a second spectral component substantially according to the function sin 2 (m*9+ 
p 2 n;/4), where p r p 2 is an even integer, said analyzing determines the difference 
between the modulated amplitudes of the first and second spectral components. 

63. The method of claim 61, wherein at least one of said filters 
25 modulates the intensity of a first spectral component substantially according to the 

function sin 2 (m*8+ p,*/4), and another one of said filters modulates the intensity 
of a second spectral component substantially according to the function sin 2 (m*8+ 
p 2 n/4), where p,-p 2 is an odd integer, said analyzing determines the modulated 
amplitudes of the first and second spectral components. 



30 
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64. The method of claim 6 1 , wherein at least two of said filters 
collectively modulates the intensities of at least two different spectral components 
substantially according to the function sin 2 (m*8+ pjit/4), said analyzing determines 
the collective modulated amplitudes of the first and second spectral components. 

5 

65. A method for analyzing a radiation spectrum, comprising: 
providing radiation of at least two selected spectral or spatial 

components; 

fonriing a dispersed image or an extended image along an encoding 
1 0 axis onto an encoding plane; 

positioning a two dimensional spatial radiation modulator in said 
encoding plane and rotating the modulator about a rotation axis so that said 
encoding axis is substantially along a radial axis, said modulator having at least two 
radiation filters at different radii from said rotation axis, said filters modulating the 
15 amplitudes of their corresponding components to provide an encoded beam 
comprising at least two encoded components, wherein the amplitudes of said 
encoded components are modulated with imperfect orthogonal modulation 
functions, wherein at least one of said encoded components having residual 
interference witia another of said encoded components; 
20 collecting and directing said encoded beam onto a detector so that 

the detector provides an output; and 

analyzing signals generated by said detector to determine first 
zeroth-order amplitudes of encoded components, said first zeroth-order amplitudes 
having decoding errors resulting from said residual interference; 
25 increasing or decreasing the radiation incident on at least one of said 

filters to provide a modified encoded beam; 

analyzing signals generated by said detector in response to said 
modified encoded beam to determine modified amplitudes of encoded components; 

comparing at least two of said modified amplitudes to said first 
30 zeroth-order amplitudes to determine interference coefficients; 
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using said interference coefficients to compensate subsequent zeroth- 
order amplitudes for said decoding errors. 

66. The method of claim 65, wherein said increasing or 
5 decreasing includes sequentially obscuring the radiation incident on at least one of 

said filters. 

67. A method for analyzing radiation, comprising: 
providing radiation of at least one selected spectral or spatial 

10 component; 

forming a dispersed image or an extended image along an encoding 
axis onto an encoding plane; 

positioning a two dimensional spatial radiation modulator in said 
encoding plane and rotating the modulator about a rotation axis so that said 
15 encoding axis is substantially along aradial axis, said modulator having at least one 
radiation filter at a radius from said rotation axis, said filter modulating the intensity 
of a corresponding radiation component to provide an encoded beam comprising at 
least one encoded component; 

collecting and directing said encoded beam onto a detector so that 
20 said detector provides an output; and 

analyzing signals generated by said detector, said analyzing 
including subtracting the detector output from an expected detector output as a 
function of the rotation angle of said modulator about said rotation axis to provide 
an output difference function, said analyzing further comprising analyzing said 
25 output difference function to detect sub-rotational period transients in the amplitude 
of one or more encoded components. 

68. The method of claim 67, wherein said expected detector 
output comprising the detector output from one or more previous rotational periods. 

30 
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69. The method of claim 67, further comprising adjusting the 
speed of said rotation in response to said output difference function. 

70. The method of claim 67, said analyzing further comprising 
5 determining the 

decoded amplitudes of at least one encoded component and correcting said decoded 
amplitudes for decoding errors resulting from sub-rotational period transients. 

71. A method for analyzing radiation, comprising: 

10 providing radiation of at least one selected spectral or spatial 

component; 

forming a dispersed image or an extended image along an encoding 
axis onto an encoding plane, 

positioning a two dimensional spatial radiation modulator in said 
15 encoding plane and rotating the modulator about a rotation axis so that said 
encoding axis is substantially along a radial axis, said modulator comprising a 
pattern on a rotating substrate, said pattern having at least one radiation filter at a 
radius from said rotation axis, said filter modulating the intensity of a corresponding 
component to provide an encoded beam comprising at least one encoded 
• 20 component, said pattern further comprising a series of marks at a substantially 
constant radius, said marks having optical characteristics substantially different 
from said substrate; 

collecting and directing said encoded beam onto a detector so that 
the detector provides a data signal in response to said encoded beam; 
25 analyzing said data signals, said analyzmgmcluding determinirig the 

modulated amplitude of at least one encoded component; 

positioning a dedicated light source and second detector so that said 
marks modulate beam from said light source to said second detector to generate an 
alignment signal; 

30 analyzing said alignment signal to detect substrate wobble or a 

misaligned pattern on said substrate. 
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72. The method of claim 71, said analyzing including an 
analytical function which uses at least one of said modulated amplitudes as inputs, 
said function further using said alignment signal to compensate said modulated 
amplitudes for the undesired effects of said substrate wobble or a misaligned 

5 pattern. 

73. The method of claim 71, further comprising dynamically 
positioning one or more optical elements in response to said alignment signal to 
miriimize the undesired effects of said substrate wobble or a misaligned partem. 

10 

74. A system for monitoring radiation from at least one radiation 
source, comprising: 

abeam comprising at least one radiation component corresponding 
to a distinct radiation source, said component having an intensity and a center 
15 wavelength; 

first optics collecting, dispersing and focusing said beam to form at 
least one image along an encoding axis onto an encoding plane, said image 
corresponding to said component; 

a two dimensional spatial radiation modulator rotated about a 
20 rotation axis and positioned in said encoding plane so that said encoding axis is 
substantially along a radial axis such that a change in the center wavelength of said 
component will cause said coiresponding image to move substantially along said 
radial axis, said modulator having at least one radiation filter pair for modulating 
the intensity of a corresponding component to provide an encoded beam comprising 
25 at least one encoded component, said pair comprising two radiation filters located 
at different radii from said rotation axis and having modulation functions that are 
complementary to each other so that the amplitude and phase of said encoded 
component is determined by the relative proportion of radiation incident on the two 
filters; 

30 second optics collecting and directing said encoded beam onto a 

detector; and 
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computer analyzing signals generated by said detector in response 
to said encoded beam. 

75. The system of claim 74, wherein said computer computes 
5 said amplitudes and phases of at least one encoded component from the signals 

generated by said detector in response to the encoded beam. 

76. The system of claim 74, further comprising at least one 
control signal for adjusting said center wavelength of at least one source in response 

10 to the signals generated by the detector to tune said sources. 

77. The system of claim 74, wherein said radiation filters 
comprising said pair are substantially adjacent to one another. 

15 78. The system of claim 77, wherein the border between said 

adjacent radiation filters is substantially located at the radius which correspond to 
the nominal or desired center wavelengths for said radiation source. 

79. The system of claim 74, wherein at least two of said encoded 
20 components are encoded with substantially orthogonal modulation functions, 

wherein said analyzing computer computes the amplitude and phase of at least one 
of said encoded component. 

80 . A method for monitoring radiation from at least one source, 

25 comprising: 

collecting a beam comprising at least one radiation component 
corresponding to a distinct radiation source, said component having an intensity and 
a center wavelength; 

dispersing and focusing said beam to form at least one image along 
30 an encoding axis onto an encoding plane, said image corresponding to said 
component; 
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positioning a two dimensional spatial radiation modulator in said 
encoding plane and rotating the modulator about a rotation axis so that said 
encoding axis is substantially along a radial axis such that a change in the center 
wavelength of said component will cause said corresponding image to move 
5 substantially along said radial axis, said modulator having at least one radiation 
filterpair for modulating incident radiation to provide an encoded beam comprising 
at least one encoded component, said pair comprising two radiation filters located 
at different radii from said rotation axis and having modulation functions that are 
complementary to each other so that the amplitude and phase of said encoded 
10 component are determined by the relative proportion of radiation from the beam 
incident on the two filters; 

collecting and directing said encoded beam onto a detector; and 
analyzing signals generated by said detector in response to said 

encoded beam. 

15 

8 1 . The method of claim 80, wherein said analyzing detennines 
the amplitude and phase of at least one encoded component 

82. The method of claim 80, further comprising adjusting said 
20 center wavelength of at least one source in response to signals generated by said 

detector. 

83. The method of claim 80, wherein said radiation filters 
comprising said pair are substantially adjacent to one another. 

25 

84. The method of claim 83, wherein the border between said 
adjacent radiation filters is substantially located at the radius which correspond to 
the nominal or desired center wavelengths for said radiation source. 

30 85. The method ofclaim 80, wherein at least two of said encoded 

components are encoded with substantially orthogonal modulation functions, 



AMENDED SHEET 



US 009914446 



58 

wherein said analyzing computes the amplitude and phase of at least one of said 
encoded component. 

86. A spectrum analyzer for analyzing a sample, comprising: 

5 one or more excitation sources providing excitation radiation, said 

excitation radiation comprising two or more distinct excitation components; 

first optics directing said excitation components to the sample 
substantially in sequence; 

second optics collecting a response beam of radiation from said 
1 0 sample and forming a dispersed image or an extended image along an encoding 
axis, said response beam comprising at least one spectral or spatial component 
emitted, transmitted or scattered by the sample in response to said excitation 
radiation; 

a two dimensional spatial radiation modulator rotated about a 
1 5 rotation axis and positioned in said plane so that said encoding axis is along a radial 
axis, said modulator having at least one radiation filter at a radius from said rotation 
axis, said filter modulating the intensity of a corresponding response component to 
provide an encoded response beam comprising at least one encoded response 
component; 
20 a detector; 

third optics collecting and directing said encoded response beam 
onto said detector, causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response 
to said encoded response beam. 

25 

87. The analyzer of claim 86, wherein said computer computes 
the amplitudes of at least one encoded response component as a function of said 
excitation components. 
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88 . The analyzer of claim 86, wherein said sequence substantially 
precludes more than one of said excitation components from reaching the sample 
at any given time. 

5 89. The analyzer ofclaim 86, said modulator further comprising 

two or more annular 

regions for modulating the intensity of said components of excitation radiation, said 
annular regions comprising alternating radiation transmissive areas and radiation 
blocking areas, said areas in said annular regions patterned such that said excitation 
1 0 components are directed to the sample substantially in sequence. 

90. A method for analyzing a sample, comprising: 
providing one or more excitation sources to provide excitation 
radiation, said excitation radiation comprising two or more distinct excitation 
15 components; 

directing said excitation components to the sample substantially in 

sequence; 

collecting a response beam of radiation from said sample and 
forming a dispersed image or an extended image along an encoding axis, said 
20 response beam comprising at least one spectral or spatial component emitted, 
transmitted or scattered by the sample in response to said excitation radiation; 

positioning a two dimensional spatial radiation modulator in said 
encoding plane and rotating said modulator about a rotation axis so that said 
encoding axis is along a radial axis, said modulator having at least one radiation 
25 filter at a radius from said rotation axis, said filter modulating the intensity of a 
corresponding response component to provide an encoded response beam 
comprising at least one encoded response component; 

collecting and directing said encoded response beam onto said 

detector; and 

30 analyzing time-based signals generated by said detector in response 

to said encoded response beam. 
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91 . The method of claim 90, wherein said analyzing determines 
said amplitudes of the encoded components from the signals generated by said 
detector in response to the encoded beam as a function of said excitation 

5 components. 

92. The method of claim 90, wherein said sequence substantially 
precludes more than one of said excitation components from reaching the sample 
at any given time. 

10 

93. The method of claim 90, wherein said analyzing separates 
said time-based signal into sub-signals, wherein each said sub-signal corresponding 
to the encoded response components corresponding to only one of said excitation 
components, and analyzes said sub-signals to determine the amplitude of at least 

15 one encoded response component as a function of said corresponding excitation 
component. 

94. A system for monitoring radiation from an extended source 
having at least two spatial components that emit radiation, comprising: 

20 first optics collecting and focusing radiation from said extended 

source to form at least two images along an encoding axis onto an encoding plane, 
said images corresponding to said spatial components; 

a two dimensional spatial radiation modulator rotated about a 
rotation axis and positioned in said plane so that said encoding axis is along a radial 

25 axis, saidmodulator having radiation filters at different radii from said rotation axis, 
said filters modulating the intensity of the radiation emitted by said spatial 
components to provide and encoded beam comprising at least one encoded 
component, wherein the amplitude of said encoded component is a smooth function 
or changes between three or more substantially distinct levels of contrast as said 

30 modulator is rotated about said rotation axis; 
a detector; 
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second optics for collecting and directing said encoded beam onto 
said detector, causing the detector to provide an output; and 

computer analyzing signals generated by said detector in response 
to said encoded beam. 

5 

95 . The analyzer of claim 94, wherein said extended source is an 
assembly of different samples. 

96. The analyzer of claim 94, wherein said computer computes 
10 the amplitude of at least one encoded component from the signals generated by said 

detector in response to the encoded beam. 

97. The system of claim 94, further comprising a third optics for 
collecting the encoded beam and directing said encoded beam to a spectrometer to 

1 5 determine the encoded beams spectral properties. 

98 . A method for monitoring radiation from an extended source 
having at least two spatial components that emit radiation, comprising: 

providing radiation from an extended source having at least two 
20 spatial components that emit radiation; 

collecting and focusing radiation from said extended source to form 
at least two images along an encoding axis onto an encoding plane, said images 
corresponding to said spatial components; 

positioning a two dimensional spatial radiation modulator in said 
25 encoding plane and rotating said modulator about a rotation axis so that said 
encoding axis is along a radial axis, said modulator having radiation filters at 
different radii from said rotation axis, said filters modulating the intensity of the 
radiation emitted by said spatial components to provide and encoded beam 
comprising at least one encoded component, wherein the amplitude of said encoded 
30 component is a smooth function or changes between three or more substantially 
distinct levels of contrast as said modulator is rotated about said rotation axis; 
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collecting and directing said encoded beam onto said detector, and 
analyzing signals generated by said detector in response to said 

encoded beam. 

5 99. The method of claim 98, wherein said extended source is an 

assembly of different samples. 

1 00. The method of claim 98, wherein said analyzing determines 
the amplitude of at least one encoded component from the signals generated by said 

1 0 detector in response to the encoded beam. 

101 . The method of claim 98, further comprising directing said 
encoded beam to a spectrometer to determine the encoded beams spectral 
properties. 
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